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157] ABSTRACT

In order to accomplish the above-mentioned and other
objects, an anti-skid control system, takes a procedure
for sampling input timing data of every given number of
sensor signals, which given number is adjusted so as to
a difference of period of time measured with respect to

- mutually adjacent signal-to-signal intervals is great
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enough to perform the anti-skid control operation based
thereupon. The anti-skid control system processes the
input timing data for deriving a wheel speed, a wheel
acceleration and deceleration and so forth based on the
input timing data. The wheel acceleration and decelera-
tion is calculated based on the successively sampled
three input timing data. An input timing data is sampled
relative to a first sensor signal at which procedure for
determining the input timing data sample mode starts, as
a first input timing data. Another input timing data is
sampled relative to the sensor signal at which a differ-
ence of mutually adjacent signal-to-signal intervals
greater than the predetermined value is obtained, as a
second input timing data. Arithmetic operation will be
carried out in response to sampling input timing data
subsequently to sampling of the second input timing
data, based on the first, second and last sampled input
timing data.

26 Claims, 19 Drawing Sheets
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" ANTI-SKID AUTOMOTIVE BRAKE CONTROL
SYSTEM INCLUDING WHEEL DECELERATION
CALCULATION WITH SHORTER LAG-TIME AND
METHOD FOR PERFORMING CALCULATION

This application is a continuation of application Ser.
No. 601,344, filed Apr. 17, 1984 now abandoned.

BACKGROUND OF THE INVENTION

The present invention relates generally to an anti-skid
brake control system for an automotive vehicle, in
which wheel acceleration or deceleration s calculated
in order to determine optimum brake pressure. More
particularly, the invention relates to an anti-skid brake
control system which can carry out arithmetic opera-
tions for deriving the wheel acceleration with a reduced
or shortened time lag. |

As is well known, in anti-skid control, the braking
force applied to wheel cylinders is so adjusted that the
peripheral speed of the wheels during braking 1s held to
a given ratio, e.g. 80%, of the vehicle speed. Such a
practice has been believed to be effective, especially
when road conditions and other factors are taken into
consideration. Throughout the accompanying disclo-
sure, the ratio of wheel peripheral speed to vehicle
- speed will be referred to as “slip rate” or “slip ratio”.

U.S. Pat. No. 4,267,575, 1ssued on May 12, 1981 to
Peter BOUNDS, discloses a system, which serves to
provide signals t0 a microcomputer-based control sys-
tem from which instantaneous values of speed can be
computed, includes a wheel-driven alternator which
provides an alternating current output whose frequency
varies with wheel speed. A signal processor converts
this signal to a series of sensor pulses whose width var-
ies mmversely with frequency. A sample puise supplied
by a microprocessor sets the period or length of time
during which the sensor pulses are examined for each
speed calculation cycle of the microprocessor. The
sample period pulses are AND-gated with a high-fre-
quency clock signal and also with the sensor pulses to
provide a series of marker pulses marking the up and
down excursions of the sensor pulses. The marker
pulses occurring in each sample period are counted
directly in a first counter, and in addition are supplied to
a latch circuit and from thence to an AND gate which
responds to the first marker pulse in the sample period
to count occurrences of the first counter exceeding its
capacity. A third counter is also connected to receive
the high-frequency clock pulses and counts only the
clock pulses occurring after the last marker pulse in the
sample period. At the end of the sample period, the
counts from all three counters are transferred to the
microprocessor which uses this information to compute
a value for wheel velocity over the sample period. The
system continuously provides the input counts to enable
the microprocessor to calculate wheel velocity over
each sample period.

In addition, U.S. Pat. No. 4,315,213, issued on Feb. 9,
1982 to Manfred WOLFF, discloses a method for ob-
taining an acceleration or deceleration signal from a
signal proportional to speed and apparatus therefor.
The method for obtaining an acceleration or decelera-
tion signal from a signal proportional to the speed con-
sists of storing the n most recently ascertained changes

in the speed signal in a memory, and upon ascertainment .

of a new change to be stored in memory, erasing the

change which has been stored the longest, and forming
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a deceleration or acceleration signal by addition of the
stored n changes periodically at intervals of dT. In this
method, the occurrence of deceleration or acceleration
exceeding the threshold 1s recognized quickly.

In another approach, U.S. Pat. No. 4,384,330 to To-
shiro MATSUDA, issued on May 17, 1983 discloses a
brake control system for controlling application and
release of brake pressure in order to prevent the vehicle
from skidding. The system includes a sensing circuit for
determining wheel rotation speed, a deceleration de-
tecting circuit for determining the deceleration rate of
the wheel and generating a signal when the determined
deceleration rate becomes equal to or greater than a
predetermined value, a target wheel speed circuit for
determining a target wheel speed based on the wheel
rotation speed and operative in response to detection of
a peak in the coefficient of friction between the vehicle
wheel and the road surface, and a control circuit for
controlling application and release of brake fluid pres-
sure to wheel cylinders for controlling the wheel decel-
eration rate. The wheel rotation speed sensing circuit
detects the angular velocity of the wheel to produce
alternating current sensor signal having a frequency
corresponding to the wheel rotation speed. The wheel
rotation speed sensor signal value is differentiated to
derive the deceleration rate. |

Another approach for deriving acceleration has been
disclosed in U.S. Pat. No. 3,943,345 issued on Mar. 9,
1976 to Noriyoshi ANDO et al. The system disclosed
includes a first counter for counting the number of pulse
signals corresponding to the rotational speed of a rotat-
ing body, a second counter for counting the number of
pulses after the first counter stops counting, and a con-
trol circuit for generating an output signal correspond-
ing to the difference between the counts of the first and
second counters.

In the present invention, another approach has been
taken to derive the wheel rotation speed which will be
hereafter referred to as “wheel speed” based on input
time data representative of the times at which wheel
speed sensor signal pulses are produced. For instance,
by latching a timer signal value in response to the lead-
ing edge of each sensor signal pulse, the intervals be-
tween occurrences of the sensor signal pulses can be
measured. The intervals between occurrences of the
sensor signal pulses are inversely proportional to the
rotation speed of the wheel. Therefore, wheel speed can
be derived by finding the reciprocal of the measured
intervals. In addition, wheel acceleration and decelera-
tion can be obtained by comparing successive intervals
and dividing the obtained difference between intervals
by the period of time over which the sensor signals
were sampled.

To perform this procedure, it is essential to record the
input timing in response to every sensor signal pulse. A
difficulty is encountered due to significant variations in
the sensor signal intervals according to significant vari-
ations in the vehicle speed. In recent years, modern
vehicles can be driven at speeds in the range of about 0
km to 300 km. Sensor signal intervals vary in accor-
dance with this wide speed range. In particular, when
the vehicle is moving at a relatively high speed, the
input intervals of the sensor signal pulses may be too
short for the anti-skid control system to resolve. As
accurate sampling of input timing is essential for the
proposed approach, errors in the recorded input time
data will cause errors or malfunction of the anti-skid
brake control system. One possible source of error in
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sampling the input timing is accidentally missing one or
more sensor signal pulses. Such errors are particularly
likely to occur when the vehicle and wheel speeds are
relatively high and therefore the intervals between adja-

cent sensor signal pulses are quite short.
U.S. Pat. No. 4,408,290, issued on Oct. 4, 1983 to the
common inventor of this invention is intended to per-

form the foregoing input time data sampling for use in
calculation of acceleration and deceleration. In the dis-
closure of the applicant’s prior invention, an accelera-
tion sensor acts on the variable-frequency pulses of a
speed sensor signal to recognize any variation of the
pulse period thereof and to produce an output indica-
tive of the magnitude of the detected variation to within
a fixed degree of accuracy. The

of pulses are held to within a fixed durations of
groups range by adjusting the number of pulses in each
group. The duration of groups of pulses are measured
with reference to a fixed-frequency clock pulse signal
and the measurement periods of successive groups of
equal numbers

compared If the difference between pulse of pulses
are group periods is zero or less than a predetermined
value, the number of pulses in each group is increased in
order to increase the total number of clock pulses dur-
ing the measurement interval. The number of pulses per
group 1s

increased until the difference between measured peri-
ods exceeds the predetermined value or until the num-
ber of pulses per group reaches a predetermined maxi-
mum. Acceleration data calculation and memory con-
trol procedure are designed to take into account the
variation of the number of pulse per group.

The applicant’s prior invention is effective for ex-
panding intervals for sampling the input time data of the
sensor pulse signals and for enabling the anti-skid con-
trol system to resolve variations in the wheel speeds.

An improvement for the applicant’s prior invention
will be provided in order to shorten the time lag be-
tween determination of the a sample mode of the input
timing data and derivation of wheel acceleration and
deceleration in order to improve response characteris-
tics of the anti-skid control system.

SUMMARY OF THE INVENTION

‘Therefore, it 1s an object of the present invention to
provide an anti-skid brake control system in which
wheel acceleration can be calculated sooner after the
determination of the input timing data sample mode.

Another and more specific object of the present in-
vention is to provide an anti-skid control system in
which calculation of wheel acceleration can be per-
formed in response to sampling of input timing immedi-
ately after determining the sampling mode.

In order to accomplish the above-mentioned and
other objects, an anti-skid control system, according to
the present invention, records the input timing of the
first pulse of a given number of sensor signal pulses,
which given number is so adjusted that the difference
between successive pulse-to-pulse intervals reflected in
three successive input timing values exceeds a threshold
below which anti-skid control cannot accurately be
performed. The anti-skid control system processes the
input timing data to derive a wheel speed value, a wheel
acceleration and deceleration value and so forth based
on the input timing data. The wheel acceleration is
calculated on the basis of three successively recorded
input time values. The three successive input timing
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values used to determine the given number, i.e., the
input timing sampling mode, will also be used to deter-
mine the wheel acceleration value. Thus, calculation of
the wheel acceleration value can begin immediately in
response to the sensor signal pulse yielding the third
successively recorded input timing value.

In one aspect of the invention, an anti-skid brake
control system for an automotive brake system com-
prises a hydraulic brake circuit including a wheel cylin-
der for applying braking force to a vehicle wheel, a
pressure control valve disposed within the hydraulic
brake circuit and operative for increasing fluid pressure
in the wheel cylinder at its first position, for decreasing
the fluid pressure in the wheel cylinder at its second
position and for maintaining fluid pressure at constant
value at its third position, a wheel speed sensor means
for detecting rotational speed of the vehicle wheel to
produce a sequence of pulse form sensor signals having
intervals between mutually adjacent sensor signals rep-
resentative of the detected wheel rotation speed, a timer
means for sequentially producing a timer signal having
a value indicative of a measured period of time, a first
means for sampling the timer signal value upon every
given number of sensor signals being input, and storing
the sampled timer signal value as input timing data, a
second means, associated with the first means and active
at an initial stage of one cycle of skid control operation,
for determining a sample mode to determine number of
sensor signals to be thinned without sampling the input
timing data and whereby to determine the given num-
ber of sensor signals so as to a difference of periods of
time of mutually adjacent signal-to-signal intervals
being greater than a predetermined value, the second
means activating the first means whenever the differ-
ence exceeding the predetermined value is detected to
sample the input timing data of the sensor signal at
which the difference greater than the predetermined
value is obtained, which input timing data to be sampled
and stored includes first and second input timing data
successively sampled and stored during the procedure
for determining the sample mode, a third means for
processing the stored timer signal value read out from
the second means to produce a control signal to operate
the pressure control valve at one of the first, second and
third positions so as to maintain a slip rate at approxi-
mately optimum value, the third means being operative
for deriving a wheel acceleration and deceleration
based on successively sampled three input timing data,
and the third means taking the first and second input
time data with a subsequently sampled third input tim-
ing data for performing an arithmetic operation for
deriving the wheel acceleration and deceleration, and a
fourth means, associated with the first and third means,
for interrupting operation of the third means when the
first means is active for sampling the timer signal values.

According to another aspect of the invention, an
anti-skid brake control system for an automotive brake
system comprises a hydraulic brake circuit including a
wheel cylinder for applying braking force to a vehicle
wheel, a pressure control valve disposed within the
hydraulic brake circuit and operative for increasing
fluid pressure in the wheel cylinder at its first position,
for decreasing the fluid pressure in the wheel cylinder at
1ts second position and for maintaining fluid pressure at
constant value at its third position, a wheel speed sensor
means for detecting rotational speed of the vehicle
wheel to produce a sequence of pulse form sensor sig-
nals having intervals between mutually adjacent sensor
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~ signals representative of the detected wheel rotation
speed, a timer means for sequentially producing a timer
signal having a value indicative of a measured period of
time, a first means for sampling the timer signal value
upon every given number of sensor signals being input,
and storing the sampled timer signal value as input
‘timing data, a second means for processing the input
timing data read out from the first means to produce a
control signal to operate the pressure control valve at
one of the first, second and third positions so as to main-
tain a slip rate at approximately optimum value, the
second means performing arithmetic operations for
deriving a wheel speed and a wheel acceleration and
deceleration based on sequentially sampled f{irst, second
and third input timing data, a third means, associated
with the first means, for determining the given number
of sensor signals so as to a difference between a first
interval obtained based on the first and second input
timing data and a second interval obtained based on the
second and third input timing data being greater then a
predetermined value, the second means activating the
first means whenever the difference exceeding the pre-
determined value is detected to sample the input timing
data of the sensor signal at which the difference greater
than the predetermined wvalue is obtained a fourth
means, assoclated with the first and third means, for
interrupting operation of the third means when the first
means is active for sampling the timer signal values.
According to a further aspect of the invention, an
anti-skid brake control system for an automotive vehi-
cle comprises a hydraulic brake circuit including wheel
cylinders respectively corresponding to respective ve-
hicle wheel for applying braking force to the corre-
sponding wheel cylinder, a pressure control valve asso-
ciated with each of the wheel cylinder for controlling

fluid pressure to be applied to the corresponding wheel
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cylinder, the pressure control valve being operative to

increase the fluid pressure in the wheel cylinder at its
first position, to decrease the fluid pressure in the wheel
cylinder at its second position and to maintain the fluid
pressure in the wheel cylinder at a constant value at its
third position, a wheel speed sensor means for detecting
rotational speed of vehicle wheel to sequentially output
pulse form sensor signals having pulse intervals respec-
tively corresponding to instantaneous wheel rotation
speed, a timer means for sequentially outputting a timer

signal having a value indicative of measured period of

time a controller operative in a first sampling operation
for receiving the sensor signals and timer signal for

45

sampling input timing data at every given number of 50

sensor signals input and in a second control operation
for performing arithmetic operations for detecting in-
stantaneous slip rate at the corresponding wheel and
acceleration and deceleration of the corresponding
wheel based on the sequentially sampled first, second
and third input timing data for controlling valve posi-
tion of the pressure control valve at a predetermined
pattern for optimizing braking characteristics, the con-

troller deriving the given number so as to a difference of

periods of time of mutually adjacent signal-to-signal
intervals being greater then a predetermined value, the

- controller sampling input data of a first sensor signal

among sequentially input sensor signals during the pro-
cedure for deriving the given number as the first input
timing data and of a sensor signal relative to which the
difference greater than the predetermined value is ob-
tained, as the second input timing data, the controller
taking input timing data sampled subsequential to the
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second input timing data as the third input timing data
for deriving wheel acceleration and deceleration based
thereon, and the controller interrupting the second
operation in response to the sensor signal to perform the
first operation for sampling the input timing data of the
corresponding sensor signal when the difference ex-
ceeding the predetermined value.

According to yet another aspect of the invention, A
method for anti-skid controlling an automotive hydrau-
lic brake system including a wheel cylinder and a pres-
sure control valve, fluid pressure in the wheel cylinder
being increased as the pressure control valve being
placed at its first position being decreased as the pres-
sure control valve being placed at its second position
and being maintained at substantially constant value at a
third position of the pressure control valve, the method
comprising the steps of producing pulse form sensor
signals having intervals between mutually adjacent sen-

‘sor signals representative of the a wheel speed, sequen-

tially producing a timer signal having a value indicative
of measured period of time, sampling the timer signal
value in response to every given number of the sensor
signals to store the timer signal value as input timing
data of the corresponding sensor signal, which input
timing data sampled includes a first input timing data
sampled relative to a first sensor signal and a second
input timing data sampled relative to a sensor signal
upon which a difference of mutually adjacent signal-to-
signal intervals becomes greater than a predetermined
value, and a third input timing data sampled subse-
quently to the second input timing data, adjusting the
given number to determine a sample mode so that the
difference of mutually adjacent signal-to-signal inter-
vals is greater than the predetermined value, perform-
ing arithmetic operation for processing the input timing
data of the sensor signals for detecting slip data and
wheel acceleration and deceleration for controlling the
pressure control valve positions according to a prede-
termined pattern for optimizing braking characteristics
at the vehicle wheel, in which a wheel acceleration and
deceleration is calculated based on the first, second and
third input timing data, and interrupting the arithmetic
operation in response to the every given number of
sensor signals for performing operation for sampling the
timer signal value and storing the sampled timer signal
value as the input timing data relative to the input sen-
sor signal.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will be understood more fully
from the detailed description given below and from the
accompanying drawings of the preferred embodiments
of the present invention, which, however, should not be
taken to limit the invention to the specific embodiments,
but are for explanation and understanding only.

FIG. 1 1s a schematic block diagram of the general
design of the preferred embodiment of an anti-skid
brake control system according to the present inven-
tion; |

FIG. 2 1s a perspective illustration of the hydraulic
circuits of the anti-skid brake system according to the
present invention;

- FIG. 3 is a circuit diagram of the hydraulic circuits
performing the anti-skid control according to the pres-
ent invention;

FIG. 4 1s an illustration of the operation of an electro-
magnetic flow control valve employed in the hydraulic
circuit, which valve has been shown in an application
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mode for increasing the fluid pressure in a wheel cylin-
der;

FI1G. 5 15 a view similar to FIG. 4 but of the valve in
a hold mode in which the fluid pressure in the wheel
cylinder 1s held at a substantially constant value;

FIG. 6 1s a view similar to FIG. 4 but of the valve in
a release mode in which the fluid pressure in the wheel
cylinder 1s reduced;

FIG. 7 is a perspective view of a wheel speed sensor
adapted to detect the speed of a front wheel;

FIG. 8 1s a side elevation of a wheel speed sensor
adapted to detect the speed of a rear wheel;

FIG. 9 1s an explanatory illustration of the wheel
speed sensors of FIGS. 7 and 8;

FIG. 10 shows the waveform of an alternating cur-
rent sensor signal produced by the wheel speed sensor;

FIG. 11 1s a timing chart for the anti-skid control
system,;

FIG. 12 1s a block diagram of the preferred embodi-
ment of a controller unit in the anti-skid brake control
system according to the present invention;

FIG. 13 is a flowchart of a main program of a mi-
crocomputer constituting the controller unit of FIG. 12;

FIG. 14 is a flowchart of an interrupt program exe-
cuted by the controller unit;

FI1G. 15 1s a tflowchart of a main routine in the main
program of FIG. 13;

FIG. 16 1s an explanatory diagram of the input timing
sampling modes and variations thereof;

FIG. 17 1s another explanatory diagram of the sam-
pling timing of the sensor pulse input timing;

FIG. 18 1s a diagram of the period of time during
which sensor pulses are sampled in accordance with the
present invention, which period of time is compared
with that used in the typical prior art;

FI1G. 19 1s a flowchart of a sample control program
executed by the controller unit;

FIG. 20 1s a flowchart of a timer overflow program
executed periodically as an interrupt program of the
main program;
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FIG. 21 1s a graph of the varniation of a counter value
of a clock counter in the preferred embodiment of con-
troller unit;

FIG. 22 1s a timing chart of the timer overflow which
is shown in relation to the value of the timer overflow
interrupt flag;

FIG. 23 1s a flowchart of an output calculation pro-
gram for deriving EV and V signals for controlling
operation mode of the electromagnetic valve according
to the valve conditions of FIGS. 4, 5 and 6;

FIGS. 24 and 25 are diagrams of execution timing of
the output calculation program in relation to the main
program;

FIG. 26 1s a table determining the operation mode of
the actuator 16, which table is accessed in terms of the
wheel acceleration and deceleration and the slip rate;

FIG. 27 1s a flowchart of the main routine similar to
FI1G. 15, but modified according to a proposed modifi-
cation;

FIG. 28 shows the timing of calculations of the wheel
speed and the wheel acceleration and deceleration car-
ried out by the modified main routine of FIG. 27;

FIG. 29 15 a timing chart of calculation similar to
F1G. 28 but for a also modified form:

FIG. 30 shows the variation of wheel speed and
wheel acceleration and deceleration as anti-skid brake
control 1s performed according to the present invention;
and

FIG. 31 1s a block diagram of another embodiment of
the controller unit in the preferred embodiment of the
anti-skid brake control system according to the present
invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

This application is one of eighteen mutually related
co-pending Patent Applications in the United States,
filed on the same day. All of the eighteen applications
have been filed by the common applicant to this appli-
cation and commonly assigned to the assignee of this

application. The other seventeen applications are identi-
fled below:

Title of the Invention

Showa 58-70891

601,326, filed April 17, 1984

Showa 58-70892

601,375, filed April 17, 1984

Showa 58-70893

601,325, filed April 17, 1984

Showa 58-70894

601,317, filed April 17, 1984

Showa 38-708935

601,294, filed April 17, 1984

Showa 58-70896

601,344, filed April 17, 1984

AN AUTOMOTIVE ANTI-SKID BRAKE
CONTROL SYSTEM WITH SAMPLING INPUT
TIME DATA OF WHEEL SPEED SENSOR
SIGNALS

METHOD AND SYSTEM FOR SAMPLING INPUT
TIME DATA FOR WHEEL SPEED SENSOR IN
AN AUTOMOTIVE ANTI-SKID BRAKE
CONTROL SYSTEM

AUTOMOTIVE ANTI-SKID CONTROL SYSTEM
WITH CONTROL OF SAMPLING OF INPUT
TIME DATA OF WHEEL SPEED SENSOR
SIGNALS AND METHOD THEREFOR
ANTI-SKID CONTROL SYSTEM FOR AUTO-
MOTIVE BRAKE SYSTEM WITH SAMPLE
CONTROL FOR SAMPLING INPUT TIMING OF
SENSOR SIGNAL PULSES WITH REQUIRED
PROCESS IDENTIFICATION AND METHOD
FOR SAMPLING

ANTI-SKID BRAKE CONTROL SYSTEM
INCLUDING A PROCEDURE OF SAMPLING OF
INPUT TIME DATA OF WHEEL SPEED
SENSOR SIGNALS AND METHOD THEREFOR
ANTI-SKID BRAKE CONTROL SYSTEM
INCLUDING WHEEL DECELERATION CALCU-
LATION WITH SHORTER LAG-TIME AND
METHOD FOR PERFORMING CALCULATION
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Basic Japanese
Patent Appln No

U.S. Ser. No. Title of the Invention

Showa 58-70897
601,338, filed April 17, 1984

ANTI-SKID BRAKE CONTROL SYSTEM WITH
SAMPLE CONTROL OF SENSOR SIGNAL

INPUT TIME DATA, AND METHOD THEREFOR

Showa 58-70898
601,337, filed April 17, 1984

SIGNAIL PULSES
Showa 58-70899
601,330, filed April 17, 1984
Showa 58-70900
601,364, filed April 17, 1984

AUTOMOTIVE VEHCLE

ANTI-SKID BRAKE CONTROL SYSTEM WITH
CONTROL OF SAMPLING TIMING OF INPUT
TIMING VALUES OF WHEEL SPEED SENSOR

ANTI-SKID BRAKE CONTROL SYSTEM FOR

ANTI-SKID BRAKE CONTROL SYSTEM WITH
REDUCED DURATION OF WHEEL ACCELE-

RATION AND DECELERATION CALCULATION

Showa 58-84088

601,363, filed Apnil 17, 1984
THEREFOR

Showa 58-84087 &

58-84091

601,329, filed April 17, 1984
BRAKE CIRCUIT

Showa 58-84082

601,318, filed April 17, 1984
ANTI-SKID CONTROL

Showa 58-84085

601,345, filed April 17, 1984

ANTI-SKID BRAKE CONTROL SYSTEM WITH
OPERATIONAL MODE CONTROL AND METHOD

ANTI-SKID BRAKE CONTROL SYSTEM WITH
OPERATION CONTROL FOR A PRESSURE
REDUCTION FLUID PUMP IN HYDRAULIC

METHOD AND SYSTEM FOR DERIVING WHEEL
ROTATION SPEED DATA FOR AUTOMOTIVE

METHOD AND SYSTEM FOR DERIVING WHEEL
ACCELERATION AND DECELERATION IN

AUTOMOTIVE ANTI-SKID BRAKE CONTROL

SYSTEM
Showa 58-84092
601,293, filed April 17, 1984
PROTECTION
Showa 58-84090
(601,258, filed April 17, 1984,
now Patent No. 4,569,560
issued February 11, 1986)
Showa 58-102919 &
58-109308 -
601,295, filed April 17, 198

Disclosures of other seventeen applications as identi-
fied above are hereby incorporated by reference for the
sake of disclosure.

Referring now to the drawings, particularly to FIG.
1, the preferred embodiment of an anti-skid control
system according to the present invention includes a
control module 200 including a front-left controller unit
(FL.) 202, a front-right controller unit (FR) 204 and a
‘rear controller umit (R) 206. The controller unit 202
comprises a microprocessor and is adapted to control
brake pressure applied to a front left wheel cylinder 30a
of a front left hydraulic brake system 302 of an automo-
tive hydraulic brake system 300. Similarly, the control-
ler unit 204 1s adapted to control brake pressure applied
to the wheel cylinder 34z of a front right wheel (not
shown) in the front right hydraulic brake system 304
and the controller unit 206 is adapted to control brake
pressure applied to the rear wheel cylinders 38a of the
hydraulic rear brake system 306. Respective brake sys-
tems 302, 304 and 306 have electromagnetically oper-
ated actuators 16, 18 and 20, each of which controls the
pressure of working fluid in the corresponding wheel
cylinders. By means of the controlled pressure, the
wheel cylinders 30a, 34a and 38a apply braking force to
brake disc rotors 28, 32 and 36 mounted on the corre-
sponding wheel axles for rotation with the correspond-
ing vehicle wheels via brake shoe assemblies 30, 34 and
38.

Though the shown brake system comprises disc
brakes, the anti-skid control system according to the
present invention can also be applied to drum-type
brake systems.

The controller units 202, 204 and 206 are respectively
associated with actuator drive circuits 214, 216 and 218
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ANTI-SKID BRAKE CONTROL SYSTEM AND
METHOD FEATURING VEHICLE BATTERY

ANTI-SKID BRAKE CONTROL SYSTEM

ANTI-SKID BRAKE CONTROL SYSTEM WITH
- A PLURALITY OF INDEPENDENTLY
OPERATIVE DIGITAL CONTROLLERS

to control operations of corresponding actuators 16, 18
and 20. In addition, each of the controller units 202, 204
and 206 is connected to a corresponding wheel speed
sensor 10, 12 and 14 via shaping circuits 208, 210 and
212 incorporated in the controller 200. Each of the
wheel speed sensors 10, 12 and 14 1s adapted to produce
an alternating-current sensor signal having a frequency
related to or proportional to the rotation speed of the
corresponding vehicle wheel. Each of the A-C sensor
signals is converted by the corresponding shaping cir-
cuit 208, 210 and 212 into a rectangular pulse signal
which will be hereafter referred to as “sensor pulse
signal”. As can be appreciated, since the frequency of
the A-C sensor signals is proportional to the wheel
speed, the frequency of the sensor pulse signal should
correspond to the wheel rotation speed and the pulse
intervals thereof will be inversely proportional to the
wheel rotation speed.

The controller units 202, 204 and 206 operate inde-
pendently and continuously process the sensor pulse
signal to derive control signals for controliing the fluid
pressure in each of the wheel cylinders 30a, 342 and 38a
in such a way that the slip rate R at each of the vehicle
wheels 1s optimized to shorten the distance required to
stop the vehicle, which distance will be hereafter re-
ferred to as *‘braking distance™.

In general, each controller unit 202, 204 and 206
monitors receipt of the corresponding sensor pulses so
that it can derive the pulse interval between the times of
receipt of successive sensor pulses. Based on the derived
pulse interval, the controller units 202, 204 and 206
calculate instantaneous wheel speed V,, and instanta-
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neous wheel acceleration or deceleration aw From
these measured and derived values, a target wheel speed
V;1s derived, which 1s an assumed value derived from
the wheel speed at which a slip 1s assumed to be zero or
approximately zero. The target wheel speed V; varies at
a constant decelerating rate derived from variation of
the wheel speed. The target wheel speed thus corre-
sponds to a vehicle speed which itself 1s based on varia-
tion of the wheel speed. Based on the difference be-
tween the instantaneous wheel speed V,, and the target
wheel speed V;, a ship rate R 1s derived. The controller
units 202, 204 and 206 determine the appropriate opera-
tional mode for increasing, decreasing or holding the
hydraulic brake pressure applied to the wheel cylinders
30a, 34a and 38a. The control mode in which the brake
pressure 1s increased will be hereafter referred to as
“application mode”. The control mode in which the
brake pressure i1s decreased will be hereafter referred to
as “release mode”. The mode in which the brake pres-
sure 1S held essentially constant will be hereafter re-
ferred to as “hold mode”. The anti-skid control opera-
tion consists of a loop of the application mode, hold
mode, release mode and hold mode. This loop 1s re-
peated throughout the anti-skid brake control operation
cyclically. One cycle of the loop of the control varia-
tion will be hereafter referred to as “skid cycle”.

FIG. 2 shows portions of the hydraulic brake system
of an automotive vehicle to which the preferred em-
bodiment of the anti-skid control system is applied. The
wheel speed sensors 10 and 12 are respectively provided
adjacent the brake disc rotor 28 and 32 for rotation
therewith so as to produce sensor signals having fre-
quencies proportional to the wheel rotation speed and
variable 1n accordance with variation of the wheel
speed. On the other hand, the wheel speed sensor 14 is
provided adjacent a propeller shaft near the differential
gear box or drive pinion shaft 116 for rotation there-
with. (See FIG. 8). Since the rotation speeds of the left
and right rear wheels are free to vary independently
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depending upon driving conditions due to the effect of 40

the differential gear box 40, the rear wheel speed de-
tected by the rear wheel speed sensor 14 is the average
of the speeds of the left and right wheels. Throughout
the specification, “rear wheel speed” will mean the
average rotation speed of the left and right rear wheels.

As shown in FIG. 2, the actuator unit 300 is con-
nected to a master wheel cylinder 24 via primary and
secondary outlet ports 41 and 43 thereof and via pres-
sure lines 44 and 42. The master wheel cylinder 24 is, in
turn, associated with a brake pedal 22 via a power
booster 26 which is adapted to boost the braking force
applied to the brake pedal 22 before applying same to
the master cylinder. The actuator unit 300 is also con-
nected to wheel cylinders 304, 34¢ and 38a via brake
pressure lines 46, 48 and 50.

The circuit lay-out of the hydraulic brake system
circuit will be described in detail below with reference
to FIG. 3 which is only an example of the hydraulic
brake system to which the preferred embodiment of the
anti-skid control system according to the present inven-
tion can be applied, and so it should be appreciated that
it 1S not intended to limit the hydraulic system to the
embodiment shown. In FIG. 3, the secondary outlet
port 43 1s connected to the inlet ports 165 and 186 of
electromagnetic flow control valves 16¢ and 18a, the
respective outlet ports 16¢ and 18¢ of which are con-
nected to corresponding left and right wheel cylinders
30z and 34q, via the secondary pressure lines 46 and 48.
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The primary outlet port 41 is connected to the inlet port
20b of the electromagnetic valve 204, the outlet port 20¢
of which is connected to the rear wheel cylinders 38aq,
via a primary pressure line 50. The electromagnetic

valves 164, 18a and 20a also have drain ports 16d, 184
and 20d. The drain poris 164 and 184 are connected to

the inlet port 72a of a fluid pump 90 via drain passages
80, 82 and 78. The fluid pump 90 is associated with an
electric motor 88 to be driven by the latter which is, in
turn, connected to a motor relay 92, the duty cycle of
which is controlled by means of a control signal from
the control module 200. While the motor relay 92 is
energized to be turned ON, the motor 88 is in operation
to drive the fluid pump 90. The drain port 20d of the
electromagnetic flow control valve 20a is connected to
the inlet port 58a of the fluid pump 90 via a drain pas-
sage 64.

The outlet ports 726 and 5854 are respectively con-
nected to the pressure lines 42 and 44 via a return pas-
sages 72¢ and 38c. The outlet ports 16¢, 18¢ and 20c¢ of
respective electromagnetic flow control valves 16a, 18a
and 20a are connected to corresponding wheel cylin-
ders 30gq, 34a and 38a via braking lines 46, 48 and 50.
Bypass passages 96 and 98 are provided to connect the
braking pressure lines 46 and 48, and 50 respectively to
the pressure lines 42 and 44, bypassing the electromag-
netic flow control valves.

Pump pressure check valves 52 and 66 are installed in
the pressure lines 42 and 44. Each of the pump pressure
check valves 66 and 52 is adapted to prevent the work-
ing fluid pressurized by the fluid pump 90 from trans-
mitting pressure surges to the master cylinder 24. Since
the fluid pump 90 is designed for quick release of the
braking pressure in the braking pressure lines 46, 48 and
50 and thus releasing the wheel cylinders 30q, 34ag and
38a from the braking pressure, it is driven upon release
of the brake pedal. This would result in pressure surges
in the working fluid from the fluid pump 90 to the mas-
ter cylinder 24 if the pump pressure check valves 66 and
52 were not provided. The pump pressure check valves
66 and 52 serve as one-way check valves allowing fluid
flow from the master cylinder 24 to the inlet ports 165,
185 and 206 of the electromagnetic valves 164, 18a and
20a. Pressure accumulators 70 and 56 are installed in the
pressure lines 42 and 44, which pressure accumulators
serve to accumulate fluid pressure generated at the
outlet ports 72b and 58b of the fluid pump 90 while the
inlet ports 165, 185 and 2054 are closed. Toward this end,
the pressure accumulators 70 and 56 are connected to
the outlet ports 726 and 585 of the fluid pump 90 via the
return passages 72¢ and 38c¢. Outlet valves 68 and 54 are
one-way check valves allowing one-way fluid commu-
nication from the fluid pump to the pressure accumula-
tors. These outlet valves 68 and 54 are effective for
preventing the pressure accumulated in the pressure
accumulators 70 and 56 from surging to the fluid pump
when the pump is deactivated. In addition, the outlet
valves 68 and 54 are also effective to prevent the pres-
surized fluid flowing through the pressure lines 42 and
44 from flowing into the fluild pump 90 through the
return passages 72c¢ and S8c.

Inlet check valves 74 and 60 are inserted in the drain
passages 78 and 64 for preventing surge flow of the
pressurized fluid in the fluid pump 90 to the electromag-
netic flow control valves 16aq, 18a and 20z after the
braking pressure in the wheel cylinders is released. The
fluid flowing through the drain passages 78 and 64 is
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temporarily retained in fluid reservoirs 76 and 62 con-
nected to the former. ,

Bypass check valves 85, 86 and 84 are inserted in the
bypass passages 98 and 96 for preventing the fluid in the
pressure lines 42 and 44 from flowing to the braking
pressure lines 46, 48 and 50 without first passing
through the electromagnetic flow control valves 16q,
18a and 204. On the other hand, the bypass check valves
85, 86 and 84 are adapted 10 permit fluid flow from the
braking pressure line 46, 48 and 50 to the pressure lines
42 and 44 when the master cylinder 24 is released and
thus the line pressure in the pressure lines 42 and 44
becomes lower than the pressure in the braking pressure
lines 46, 48 and 50. |

The electromagnetic flow control valves 164, 18a and
20a are respectively associated with the actuators 16, 18
and 20 to be controlled by means of the control signals
from the control module 200. The actuators 16, 18 and
20 are all connected to the control module 200 via an
actuator relay 94, which thus controls the energization
and deenergization of them all. Operation of the electro-
magnetic valve 16a in cooperation with the actuator 16
will be illustrated with reference to FIGS. 4, 5 and 6, in
particular illustrating the application mode, hold mode
and release mode, respectively.

It should be appreciated that the operation of the
electromagnetic valves 18a and 20a are substantially the

same as that of the valve 16a. Therefore, disclosure of

the valve operations of the electromagnetic valves 18a
and 20g 1s omitted in order to avoid unnecessary repeti-
tion and for simplification of the disclosure.

APPLICATION MODE

In this position, the actuator 16 remains deenergized.
An anchor of the electromagnetic valve 16a thus re-
mains in its initial position allowing fluid flow between
the inlet port 166 and the outlet port 16¢ so that the
pressurized fluid supplied from the master cylinder 24
via the pressure line 42 may flow to the left front wheel
cylinder 30a via the braking pressure line 46. In this
valve position, the drain port 16d is closed to block fluid
flow from the pressure line 42 to the drain passage 78.
As a result, the line pressure in the braking pressure line
46 is increased in proportion to the magnitude of de-
pression of the brake pedal 22 and thereby the fluid
pressure in the left front wheel cylinder 30a is increased
correspondingly.

In this case, when the braking force applied to the
brake pedal is released, the line pressure in the pressure
line 42 drops due to return of the master cylinder 24 to
its initial position. As a result, the line pressure in the
braking pressure line 46 becomes higher than that in the
pressure line 42 and so opens the bypass valve 85 to
permit fluid flow through the bypass passage 98 to re-
turn the working fluid to the fluid reservoir 24a of the
master cylinder 24.

In the preferring construction, the pump pressure
check valve 66, normally serving as a one-way check
valve for preventing fluid flow from the electromag-
- netic valve 16a to the master cylinder 24, becomes
wide-open in response to drop of the line pressure in the
pressure line below a given pressure. This allows the
fluid in the braking pressure line 46 to flow backwards
through the electromagnetic valve 16a and the pump
pressure check valve 66 to the master cylinder 24 via
the pressure line 42. This function of the pump pressure
check valve 66 facilitates full release of the braking
pressure in the wheel cylinder 30a.
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For instance, the bypass valve 85 1s rated at a given
set pressure, e.g. 2 kg/cm? and closes when the pressure
difference between the pressure line 42 and the braking
pressure line 46 drops below the set pressure. As a re-
sult, fluid pressure approximating the bypass valve set
pressure tends to remain in the braking pressure line 46,
preventing the wheel cylinder 30a from returning to the
fully released position. In order to avoid this, in the
shown embodiment, the one-way check valve function
of the pump pressure check valve 66 is disabled when
the line pressure in the pressure line 42 drops below a
predetermined pressure, e.g. 10 kg/cm?. When the line
pressure in the pressure line 42 drops below the prede-
termined pressure, a bias force normally applied to the
pump pressure check valve 66 is released, freeing the
valve to allow fluid flow from the braking pressure line
46 to the master cylinder 24 via the pressure line 42.

HOLD MODE

In this control mode, a limited first value, e.g. 2A of
electric current serving as the control signal is applied
to the actuator 16 to position the anchor closer to the
actuator 16 than in the previous case. As a resuli, the
inlet port 165 and the drain port 164 are closed to block
fluid communication between the pressure line 42 and
the braking pressure line 46 and between the braking
pressure line and the drain passage 78. Therefore, the
fluid pressure in the braking pressure line 46 is held at
the level extant at the moment the actuator is operated
by the control signal.

In this case, the fluid pressure applied through the
master cylinder flows through the pressure check valve
66 to the pressure accumulator 70.

RELEASE MODE

In this control mode, a maximum value, e.g. 5A of
electric current serving as the control signal is applied
to the actuator 16 to shift the anchor all the way toward
the actuator 16. As a result, the drain port 164 is opened
to establish fluid communication between the drain port
16d and the outlet port 16¢. At this time, the fluid pump
90 serves to facilitate fluid flow from the braking pres-
sure line 46 to the drain passage 78. The fluid flowing
through the drain passage is partly accumulated in the
fluid reservoir 76 and the remainder flows to the pres-
sure accumulator 70 via the check valves 60 and 54 and
the fluid pump 90.

It will be appreciated that, even in this release mode,
the fluid pressure in the pressure line 42 remains at a
level higher or equal to that in the braking pressure line
46, so that fluid flow from the braking pressure line 46
to the pressure line 42 via the bypass passage 98 and via
the bypass check valve 85 will never occur.

In order to resume the braking pressure in the wheel
cylinder (FL) 30a after once the braking pressure is
reduced by positioning the electromagnetic valve 16a in
the release position, the actuator 16 is again deener-
g1zed. The electromagnetic valve 164 1s thus returns to
its 1mitial position to allow the fluid flow between the
inlet port 165 and the outlet port 16¢ so that the pressur-
ized fluid may flow to the left front wheel cylinder 30a
via the braking pressure line 46. As set forth the drain
port 164 1s closed to block fluid flow from the pressure
line 42 to the drain passage 78.

As a result, the pressure accumulator 70 is connected
to the left front wheel cylinder 30a via the electromag-
netic valve 16a and the braking pressure line 46. The
pressurized fluid in the pressure accumulator 70 is thus
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supplied to the wheel cylinder 30z so as to resume the
fluid pressure in the wheel cylinder 30a.

At this time, as the pressure accumulator 70 is con-
nected to the fluid reservoir 76 via the check valves 60
and 34 which allow fluid flow from the fluid reservoir
to the pressure accumulator, the extra amount of pres-
surized fluid may be supplied from the fluid reservoir.

The design of the wheel speed sensors 10, 12 and 14
employed in the preferred embodiment of the anti-skid

control system will be described in detail with reference

to FIGS. 7 to 9.

F1G. 7 shows the structure of the wheel speed sensor
10 for detecting the rate of rotation of the left front
wheel. The wheel speed sensor 10 generally comprises
a sensor rotor 104 adapted to rotate with the vehicle
wheel, and a sensor assembly 102 fixedly secured to the
shim portion 106 of the knuckle spindle 108. The sensor
rotor 104 1s fixedly secured to a wheel hub 109 for
rotation with the vehicle wheel.

As shown in FIG. 9, the sensor rotor 104 is formed
with a plurality of sensor teeth 120 at regular angular
intervals. The width of the teeth 120 and the grooves
122 therebetween are equal in the shown embodiment
and define a unit angle of wheel rotation. The sensor
assembly 102 comprises a magnetic core 124 aligned
with its north pole (N) near the sensor rotor 104 and its
south pole (S) distal from the sensor rotor. A metal
element 125 with a smaller diameter section 125q is
attached to the end of the magnetic core 124 nearer the
sensor rotor. The free end of the metal element 125
faces the sensor teeth 120. An electromagnetic coil 126
encircles the smaller diameter section 125z of the metal
element The electromagnetic coil 126 is adapted to
detect variations in the magnetic field generated by the
magnetic core 124 to produce an alternating-current
sensor signal as shown in FIG. 10. That is, the metal
clement and the magnetic core 124 form a kin of prox-
imity switch which adjusts the magnitude of the mag-
netic field depending upon the distance between the
free end of the metal element 125 and the sensor rotor
surface. Thus, the intensity of the magnetic field fluctu-
ates 1n relation to the passage of the sensor teeth 120 and
accordingly in relation to the angular velocity of the
wheell.

It should be appreciated that the wheel speed sensor
12 for the right front wheel has the substantially the
same structure as the set forth above. Therefore, expla-
nation of the structure of the right wheel speed sensor
12 will be omitted in order to avoid unnecessary repeti-
tion in the disclosure and in order to simplify the de-
scription.

FIG. 8 shows the structure of the rear wheel speed
sensor 14. As with the aforementioned left front wheel
speed sensor 10, the rear wheel speed sensor 14 com-
prises a sensor rotor 112 and a sensor assembly 102. The
sensor rotor 112 1s associated with a companion flange
114 which is, in turn, rigidly secured to a drive shaft 116
for rotation therewith. Thus, the sensor rotor 112 ro-
tates with the drive shaft 116. The sensor assembly 102
is fixed to a final drive housing or a differential gear box
(not shown).

Each of the sensor assemblies applied to the left and
right front wheel speed sensors and the rear wheel sen-
sor 1s adapted to output an alternating-current sensor
signal having a frequency proportional to or corre-
sponding to the rotational speed of the corresponding
vehicle wheel. The electromagnetic coil 126 of each of
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_ the sensor assemblies 102 is connected to the control
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module 200 to supply the sensor signals thereto.

As set forth above, the control module 200 comprises
the controller unit (FL) 202, the controller unit (FR)
204 and the controller unit (R) 206, each of which com-
prises a microcomputer. Therefore, the wheel speed
sensors 10, 12 and 14 are connected to corresponding
controller units 202, 204 and 206 and send their sensor
signals thereto. Since the structure and operation of
each of the controller units is substantially the same as
that of the others, the structure and operation of only
the controller unit 202 for performing the anti-skid
brake control for the front left wheel cylinder will be
explained in detail.

FIG. 11 1s a timing chart of the anti-skid control
performed by the controller unit 202. As set forth
above, the alternating-current sensor signal output from
the wheel speed sensor 10 is converted into a rectangu-
lar pulse train, i.e. as the sensor pulse signal mentioned
above. The controller unit 202 monitors occurrences of
sensor pulses and measures the intervals between indi-
vidual pulse or between the first pulses of groups of
relatively-high-frequency pulses. Pulses are so grouped
that the measured intervals will exceed a predetermined
value, which value will be hereafter referred to as
“pulse interval threshold”.

The wheel rotation speed V, is calculated in response
to each sensor pulse. As is well known, the wheel speed
1s generally inversely proportional to the intervals be-
tween the sensor pulses, and accordingly, the wheel
speed Vy 1s derived from the interval between the last
sensor pulse input time and the current sensor pulse
input time. A target wheel speed is designated V; and
the resultant wheel speed is designated V,,. In addition,
the slip rate is derived from the rate of change of the
wheel speed and an projected speed V, which is esti-
mated from the wheel speed at the moment the brakes
are applied based on the assumption of a continuous,
linear deceleration without slippage. In general, the
target wheel speed V;is derived from the wheel speed
of the last skid cycle during which the wheel decelera-
tion rate was equal to or less than a given value which
will be hereafter referred to as “deceleration threshold
aref , and the wheel speed of the current skid cycle, and
by estimating the rate of change of the wheel speed
between wheel speeds at which the rate of deceleration
1S equal to or less than the deceleration threshold. In
practice, the first target wheel speed V/is derived based
on the projected speed V, which corresponds to a
wheel speed at the initial stage of braking operation and
at which wheel deceleration exceeds a predetermined
value, e.g. —1.2G, and a predetermined deceleration
rate, for example 0.4G. The subsequent target wheel
speed V;i1s derived based on the projected speeds V, in
last two skid cycles. For instance, the deceleration rate
of the target wheel speed V;is derived from a difference
of the projected speeds V,in the last two skid cycle and
a period of time in which wheel speed varies from the
first projected speed to the next projected speed. Based
on the last projected speed and the deceleration rate,
the target wheel speed in the current skid cycle is de-
rived.

The acceleration and deceleration of the wheel is
derived based on the input time of the three successive
sensor pulses. Since the interval of the adjacent sensor
signal pulsed corresponds to the wheel speed and the
wheel speed is a function of the reciprocal of the inter-
val, by comparing adjacent pulse-to-pulse intervals, a
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value corresponding to variation or difference of the
wheel speed may be obtained. The resultant interval
may be divided by the period of time of the interval in
order to obtain the wheel acceleration and deceleration
at the unit time. Therefore, the acceleration or decelera-
tion of the wheel is derived from the following equa-

y(55+)

where A, B and C are the input times of the sensor
pulses in the order given.

On the other hand, the slip rate R is a rate of differ-
ence of wheel speed relative to the vehicle speed which
is assumed as substantially corresponding to the target
wheel speed. Therefore, in the shown embodiment, the
- target wheel speed V;is taken as variable or parameter
indicative of the assumed or projected vehicle speed.
The slip rate R can be obtained by dividing a difference
between the target wheel speed V; and the instanta-
neous wheel speed V, by the target wheel speed. There-
fore, in addition, the slip rate R is derived by solving the
following equation:

(1)

B Lt 1
Gw=\C=-8B " B—4

Vi — Vw
Vi

R — (2)

Finally, the controller unit 202 determines the control
mode, i.e., release mode, hold mode and application
mode from the slip rate R and the wheel acceleration or
deceleration a,,. |

General operation of the controller unit 202 will be
briefly explained herebelow with reference to FIG. 11.
Assuming the brake is applied at {g and the wheel decel-
eration a, exceeds the predetermined value, e.g. 1.2G at
a time t{, the controller unit 202 starts to operate at a
time t;. The first sensor pulse input time (t;) is held in
the controller unit 202. Upon receipt of the subsequent
sensor pulse at a time tz, the wheel speed Vy, is calcu-
lated by deriving the current sensor pulse period
(dt=tp—t1). In response to the subsequently received
sensor pulses at times t3, t4. . . , the wheel speed values
Vw2, Vy3. .. are calculated.

On the other hand, at the time t;, the instantaneous
wheel speed is taken as the projected speed V,. Based
-~ on the projected speed V, and the predetermined fixed
value, e.g. 0.4G, the target wheel speed V;decelerating
at the predetermined deceleration rate 0.4G is derived.

In anti-skid brake control, the braking force applied
to the wheel cylinder is to be so adjusted that the pe-
‘ripheral speed of the wheel, i.e. the wheel speed, during
braking is held to a given ratio, e.g. 85% to 80% of the
vehicle speed. Therefore, the slip rate R has to be main-
tained below a given ratio, i.e., 15% to 10%. In the
preferred embodiment, the control system controls the
braking force so as to maintain the slip rate at about
15%. Therefore, a reference value R,.rto be compared
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~ the projected speed V,. As will be appreciated, the
reference value 1s thus indicative of a slip rate threshold,
which will be hereafter referred to “slip rate threshold
R,./’ throughout the specification and claims, and var-
1es according to variation of the target wheel speed.
In practical brake control operation performed by the
preferred embodiment of the anti-skid control system
according to the present invention, the electric current
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applied to the actuator attains a limited value, e.g., 2A
to place the electromagnetic valve 30z in the hold mode
as shown in FIG. 5 when the wheel speed remains in
between the target wheel speed V; and the slip rate
threshold R,.,x When the slip' rate derived from the
target wheel speed V;and the wheel speed V,, becomes
equal to or larger than the slip rate threshold R,z then
the supply current to the actuator 16 is increased to a
maximum value, e.g. SA to place the electromagnetic
valve in the release mode as shown 1n FIG. 6. By main-
taining the release mode, the wheel speed V, is recov-
ered to the target wheel speed. When the wheel speed is
thus recovered or resumed so that the slip rate R at that
wheel speed becomes equal to or less than the slip rate
threshold R,.; then the supply current to the actuator
16 1s dropped to the limited value, e.g. 2A to return the
electromagnetic valve 30a to the hold mode. By hold-
ing the reduced fluid pressure in the wheel cylinder, the
wheel speed V, is further resumed to the target wheel
speed V;. When the wheel speed V, is resumed equal to
or higher than the target wheel speed V;, the supply
current 1s further dropped to zero for placing the elec-
tromagnetic valve in the application mode as shown in
FI1G. 4. The electromagnetic valve 30ag is maintained in
the application mode until the wheel speed is deceler-
ated at a wheel speed at which the wheel deceleration
becomes equal to or slightly more than the deceleration
threshold R,.r —1.2G. At the same time, the projected
speed V, 1s again derived with respect to the wheel
speed at which the wheel deceleration a,, becomes equal

" to or slightly larger than the deceleration threshold ay.r.

From a difference of speed of the last projected speed
and the instant projected speed and the period of time
from a time obtaining the last projected speed to a time
obtaining the instant projected speed, a deceleration
rate of the target wheel speed V;is derived. Therefore,
assuming the last projected speed is V,i, the instant
projected speed 1s V3, and the period of time i1s T, the
target wheel speed V;can be obtained from the follow-
Ing equation:

Vi=Vip—(Vy— VpZ)/TpX te

where t. 1s an elapsed time from the time at which the
instant projected speed V,; 1s obtained.

Based on the input timing to ty, to, t3, t4. . ., decelera-
tion rate ay is derived from the foregoing equation (1).

In addition, the projectied speed V, is estimated as a

function of the wheel speed V, and rate of change
thereof. Based on the instantaneous wheel speeds V, at
which the wheel deceleration is equal to or less than the
deceleration threshold a,.rand the predetermined fixed
value, e.g. 0.4G for the first skid cycle of control opera-
tion, the target wheel speed V;is calculated. According
to equation (2), the slip rate R is calculated, using suc-
cessive wheel speed values V1, Vo, V3. .. as parame-
ters. The derived slip rate R is compared with the slip
rate threshold R,.s. As the wheel speed V, drops below
the projected speed V, at the time ty, the controller unit
202 switches the contirol mode from the application
mode to the hold mode. Assuming also that the slip rate
R exceeds the slip rate threshold at the time t4, then the
controller unit 202 switches the control mode to the
release mode to release the fluid pressure at the wheel
cylinder.

Upon release of the brake pressure in the wheel cylin-
der, the wheel speed V, recovers, i.e. the slip rate R
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drops until it 1s smaller than the slip rate threshold at
time t7. The controller unit 202 detects when the slip
rate R 1s smaller than the slip rate threshold R, and

switches the control mode from release mode to the
hold mode.
By maintaining the brake system in the hold mode in

which reduced brake pressure is applied to the wheel
cylinder, the wheel speed increases until it reaches the
projected speed as indicated by the intersecting of the
dashed line (V) and the solid trace in the graph of V,
in FIG. 11. When the wheel speed V,, becomes equal to
the target wheel speed V; (at a time tg), the controller
unit 202 switches the control mode from the hold mode
to the application mode.

As can be appreciated from the foregoing descrip-
tion, the control mode will tend to cycle through the
control modes in the order application mode, hold
mode, release mode and hold mode, as exemplified in
the period of time from t; to tg. This cycle of variation
of the control modes will be referred to hereafter as
“skid cycle”. Practically speaking, there will of course
be some hunting and other minor deviations from the
standard skid cycle.

The projected speed V,, which is meant to represent
ideal vehicle speed behavior, at time t{ can be obtained
directly from the wheel speed V, at that time since zero
slip 1s assumed. At the same time, the deceleration rate
of the vehicle will be assumed to be a predetermined
fixed value or the appropriate one of a family thereof, in
order to enable calculation of the target wheel speed for
the first skid cycle operation. Specifically, in the shown
example, the projected speed V, at the time t; will be
derived from the wheel speed V1 at that time. Using
the predetermined deceleration rate, the projected
speed will be calculated at each time the wheel deceler-
ation a, in the application mode reaches the decelera-
tion threshold a,..

At time to9, the wheel deceleration a,, becomes equal
to or slightly larger than the deceleration threshold a,.s
then the second projected speed V,; is obtained at a
value equal to the instantaneous wheel speed V,, at the
time tg. According to the above-mentioned equation,
the deceleration rate da can be obtained

da=(V,]—V;)/(tg—t))

Based on the derived deceleration rate da, the target
wheel speed V/ for the second skid cycle of control
operation is derived by: |

ViVi,y—daxXt,

Based on the derived target wheel speed, the slip rate
threshold Rref for the second cycle of control operation
1s also derived. As will be appreciated from FIG. 11, the
control mode will be varied during the second cycle of
skid control operation, to hold mode at time t9 at which
the wheel deceleration reaches the deceleration thresh-
old are as set forth above, to release mode at time tig at
which the slip rate R reaches the slip rate threshold R,
to hold mode at time ty; at which the slip rate R is
recovered to the slip rate threshold R,.5; and to applica-
tion mode at time tiz at which the wheel speed V,,
recovered or resumed to the target wheel speed V.
Further, it should be appreciated that in the subsequent
cycles of the skid control operations, the control of the
operational mode of the electromagnetic valve as set
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forth with respect to the second cycle of control opera-
tion, will be repeated.

Relating the above control operations to the structure
of FIGS. 3 through 6, when application mode is used,
no electrical current is applied to the actuator of the
electromagnetic valve 16a so that the inlet port 165
communicates with the outlet port 16¢, allowing fluid
flow between. the pressure passage 42 and the brake
pressure line 46. A limited amount of electrical current
(e.g. 2A) is applied at times t;, ty, t9 and t{y, SO as to
actuate the electromagnetic valve 16a to its limited
stroke position by means of the actuator 16, and the
maximum current is applied to the actuator as long as
the wheel speed V, is not less than the projected speed
and the slip rate is greater than the slip rate threshold
R,or. Therefore, in the shown example, the control
mode 1s switched from the application mode to the hold
mode at time t; and then to the release mode at time ta.
At time t7, the slip rate increases back up to the slip rate
threshold R, so that the control mode returns to the
hold mode, the actuator driving the electromagnetic
valve 16a to its central holding position with the limited
amount of electrical current as the control signal. When
the wheel speed V,, finally returns to the level of the
target wheel speed V;at time tg, the actuator 16 supply
current 1s cut off so that the electromagnetic valve 16a
returns to its rest position in order to establish fluid
communication between the pressure line 42 and the
braking pressure line 46 via inlet and outlet ports 165
and 16c.

Referring to FIG. 12, the controller unit 202 includes
an input interface 230, CPU 232, an output interface
234, RAM 236 and ROM 238. The input interface 230
includes an interrupt command generator 229 which
produces an Interrupt command in response to every
sensor pulise. In ROM, a plurality of programs including
a main program (FIG. 13), an interrupt program (FIG.
15), an sample control program (FIG. 19), a timer over-
flow program (FIG. 20) and an output calculation pro-
gram (F1G. 23) are stored in respectively correspond-
ing address blocks 244, 246, 250, 252 and 254.

The input interface also has a temporary register for
temporarily holding input timing for the sensor pulses.
RAM 236 similarly has a memory block holding input
timing for the sensor pulses. The contents of the mem-
ory block 240 of RAM may be shifted whenever calcu-
lations of the pulse interval, wheel speed, wheel acceler-
ation or deceleration, target wheel speed, slip rate and
so forth are completed. One method of shifting the
contents 1s known from the corresponding disclosure of
the U.S. Pat. No. 4,408,290. The disclosure of the U.S.
Pat. No. 4,408,290 is hereby incorporated by reference.
RAM also has a memory block 242 for holding pulse
intervals of the input sensor pulses. The memory block
242 1s also adapted to shift the contents thereof accord-
ing to the manner similar to set forth in the U.S. Pat.
No. 4,408,290.

An interrupt flag 256 is provided in the controller
unit 202 for signaling interrupt requests to the CPU.
The interrupt flag 256 is set in response to the interrupt
command from the interrupt command generator 229.
A timer overflow interrupt flag 258 is adapted to set an
overflow flag when the measured interval between any
pair of monitored sensor puises exceeds the capacity of
a clock counter.

In order to time the arrival of the sensor pulses, a
clock is connected to the controller unit 202 to feed
time signals indicative of elapsed real time. The timer
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signal value is latched whenever a sensor pulse is re-
ceived and stored in either or both of the temporary
register 231 in the input interface 230 and the memory
block 240 of RAM 236. |

The operation of the controller unit 202 and the func-
tion of each elements mentioned above will be de-
scribed with reference to FIGS. 13 to 30.

FIG. 13 illustrates the main program for the anti-skid
control system. Practically speaking, this program will
generally be executed as a background job, 1.e. it will
have a lower priority than most other programs under
the control of the same processor. Its first step 1002 is to
wait until at least one sample period, covering a single
sensor pulse or a group thereof, as described in more
detail below, is completed as indicated when a sample
flag FL has a non-zero value. In subsequent step 1004,
the sample flag FL is checked for a value greater than
one, which would indicate the sample period 1s too
short. If this is the case, control passes to a sample con-
trol program labelled “1006” in FIG. 13 but shown in
more detail in FIG. 19. If FLL=1, then the control pro-
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cess is according to plan, and control passes t0 2 main

routine explained later with reference to FIG. 135. Fi-
nally, after completion of the main routine, a time over-
flow flag OFL is reset to signify successful completion
-of another sample processing cycle, and the main pro-
gram ends. .

F1G. 14 shows the interrupt program stored in the
memory block 246 of ROM 238 and executed in re-
sponse to the interrupt command generated by the inter-
rupt command generator 229 whenever a sensor pulse is
received. It should be noted that a counter value NC of
an auxiliary counter 233 is initially set to 1, a register N
representing the frequency divider ratio is set at 1, and
a counter value M of an auxiliary counter 235 1s set at
— 1. After starting execution of the interrupt program,
the counter value NC of the auxiliary counter 233 is
decremented by 1 at a block 3002. The auxiliary counter
value NC is then checked at a block 3004 for a value
greater than zero. For the first sensor pulse, since the
counter value NC is decremented by 1 (1—1=0) at the
block 3002 and thus 1s zero, the answer of the block
3004 is NO. In this case, the clock counter value t 1s
latched in a temporary register 231 in the input interface
230 at a block 3006. The counter value NC of the auxil-
iary counter 233 is thereafier assigned the value N in a
register 235, which register value N is representative of
frequency dividing ratio determined during execution
of the main routine explained later, at a block 3008. The
value M of an auxiliary counter 235 is then incremented
by 1. The counter value M of the auxiliary counter 235
labels each of a sequence of sample periods covering an
- increasing number of sensor pulses. After this, the sam-
ple flag FL is incremented by 1 at a block 3012. After
the block 3012, interrupt program ends, returning con-
trol to the main program or back to block 3002, which-
ever comes first.

On the other hand, when the counter value NC is
non-zero when checked at the block 3004, this indicates
that not all of the pulses for this sample period have
been received, and so the interrupt program ends imme-
diately.

This interrupt routine thus serves to monitor the
input timing t of each pulse sampling period, i.e. the
time t required to receive NC pulses, and signals com-
pletion of each sample period (M =0 through M =10,
for example) for the information of the main program.
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Before describing the operation in the main routine,
the general method of grouping the sensor pulses into
sample periods will be explained to facilitate under-
standing of the description of the operation in the main
routine.

In order to enable the controller unit 202 to accu-
rately calculate the wheel acceleration and deceleration
aw, 1t 15 necessary that the difference between the pulse
intervals of the single or grouped sensor pulses exceed-
ing a given period of time, e.g. 4 ms. In order to obtain
the pulse interval difference exceeding the given period
of time, 4 ms, which given period of time will be hereaf-
ter referred to as “pulse interval threshold S”, some
sensor pulses are ignored so that the recorded input
timing t of the sensor pulse groups can satisfy the fol-
lowing formula:

dT=(C—B)—(B—A)=S (4 ms.) (3)
where A, B and C are the input times of three successive
sensor pulse groups.

The controller unit 202 has different sample modes,
1.e. MODE 1, MODE 2, MODE 3 and MODE 4 deter-
mining the number of sensor pulses in each sample per-
iod group. As shown in FIG. 16, in MODE 1 every
sensor pulse input time is recorded and therefore the
register value N is 1. In MODE 2, every other sensor
pulse i1s ignored and the register value N is 2. In MODE
3, every fourth sensor pulse is monitored, i.e. its input
time is recorded, and the register value N is 4. In
MODE 4, every eighth sensor pulse is sampled and the
register value N is then 8.

The controller unit 202 thus samples the input timing
of three successive sensor pulses to calculate the

interval difference dT while operating in MODE 1.
pulse If the derived pulse interval difference is equal to
or greater than the pulse interval threshold S, then
sensor pulses will continue to be sampled in MODE 1.
Otherwise, the input timing of every other sensor pulse
is sampled in MODE 2 and from the sampled input
timing of the next three sensor pulses sampled, the pulse
interval difference dT is calculated to again be com-

- pared with the pulse interval threshold S. If the derived
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pulse interval difference 1s equal to or greater than the
pulse interval threshold S, we remain in MODE 2. Oth-
erwise, every four sensor pulses are sampled in MODE
3. The input timings of the next three sampled sensor
pulses are processed to derive the pulse interval differ-
ence dT. The derived pulse interval difference dT is
again compared with the pulse interval threshold S. If
the derived pulse interval difference is equal to or
greater than the pulse interval threshold S, the MODE
remains at 3 and the value N 1s set to 4. On the other
hand, if the derived pulse interval difference dT is less
than the pulse interval threshold S, the mode is shifted
to MODE 4 to sample the input timing of every eighth
sensor pulse. In this MODE 4, the value N is set at 8.
For instance, in FIG. 16, the sensor pulses A1’ B} and
Cj are sampled under MODE 1. In MODE 2, the sensor
pulses a; and ci are ignored and the sensor pulses Aj
(=A3), B2 (=by) and C; (=by=a3) are sampled. In
MODE 3, the three sensor pulses ¢y (=bi=a4), c3(=ba)
and c4 following B3 (=c3) are ignored and the sensor
pulses A3 (=A1=A3), B3 (=by=a3) and C3 (=bs=ag)
are sampled. In MODE 4, the seven sensor pulses cs
(=be=a7), c6 (=Db7==ag), c7 (=bg=a9), cg (=byo=ajg),
cg (=bio=an), cio0 (=b11) and ci; following B4 (=c3)
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are ignored and the sensor pulses A4 (=A1=Ar=A3),
B4 (=C3=Dbs=ag) and C4 are sampled.

Referring to FIG. 15, the main routine serves to peri-
odically derive an updated wheel acceleration rate
value a,. In general, this is done by sampling larger and
larger groups of pulses until the difference between the
durations of the groups is large enough to yield an accu-
rate value. In the main routine, the sample flag FL is
reset to zero at a block 2001. Then the counter value M
of the auxiliary counter 233, indicating the current sam-
ple period of the current a, calculation cycle, is read out
at a block 2002 to dictate the subsequent program steps.

Specifically, after the first sample period (M=), the
input timing t temporarily stored in the temporary regis-
ter 231 corresponding to the sensor pulse number
(M=0) is read out and transferred to a memory block
240 of RAM at a block 2004, which memory block 240
will be hereafter referred to as “input timing memory”.
Then control passes to the block 1008 of the main pro-
gram. When M =2, the corresponding input timing t is
read out from the temporary register 231 and trans-
ferred to the input timing memory 240 at a block 2006.
Then, at a block 2008, a pulse interval Ts between the
sensor pulses of M=1 1s derived from the two input
timing values in the input timing memory 240. That is,
the pulse interval of the sensor pulse (M=1) is derived
by:

Ts=ti—tp
where

t1 1s input time of the sensor pulse M1; and

to 1s input time of the sensor pulse MO.

The derived pulse interval T of the sensor pulse M1
1s then compared with a reference value, e.g. 4 ms., at a
block 2010. If the pulse interval T is shorter than the
reference value, 4 ms., control passes to a block 2012
wherein the value N and the pulse interval T are multi-
plied by 2. The doubled timing value (2T;) is again
compared with the reference value by returning to the
block 2010. The blocks 2010 and 2012 constitute a loop
which 1s repeated until the pulse interval (2nTs) exceeds
the reference value. When the pulse interval (2nTy)
exceeds the reference value at the block 2010, a corre-
sponding value of N (2N) is automatically selected. This
N value represents the number of pulses to be treated as
a single pulse with regard to timing.

After setting the value of N and thus deriving the
sensor pulse group size then the auxiliary counter value
NC 1s set to 1, at a block 2016. The register value N is
then checked for a value of 1, at a block 2018. If N=1,
then the auxiliary counter value M is set to 3 at a block
2020 and otherwise control returns to the main pro-
gram. When the register value N equals 1, the next
sensor pulse, which would normally be ignored, will
instead be treated as the sensor pulse having the sample
period number M=3.

In the processing path for the sample period number
M=3, the corresponding input timing is read from the
corresponding address of the temporary register 231
and transferred to the input timing memory 240, at a
block 2024. The pulse interval T, between the sensor
pulses at M=1 and M =13 is then calculated at a block
2026. The derived pulse interval T; is written in a stor-
age section of a memory block 242 of RAM 236 for a
current pulse interval data, which storage section will
be hereafter referred at as “first pulse interval storage”™
and which memory block 242 will be hereafter referred
to as “pulse interval memory”. After the block 2026,
control returns to the main program to await the next
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sensor pulse, 1.e. the sensor pulse for sample period
number M =4.

When the sensor pulse for M =4 is received, the value
t of the temporary register 231 is read out and trans-
ferred to the input timing memory 240 at block 2028.
Based on the input timing of the sensor pulses for M =3
and M =4, the pulse interval T3 is calculated at a block
2030. The pulse interval T3 derived at the block 2030 is
then written into the first pulse interval storage of the
pulse interval memory. At the same time, the pulse
interval data Ty previously stored in the first pulse inter-
val storage i1s transferred to another storage section of
the pulse interval memory adapted to store previous
pulse interval data. This other storage section will be
hereafter referred to as ““second pulse interval storage”.
Subsequently, at a block 2032 the contents of the first
and second storages, 1.e. the pulse interval data T> and
T3 are read out. Based on the read out pulse interval
data T» and T3, a pulse interval difference dT is calcu-
lated at block 2032 and compared with the pulse inter-
val threshold S to determine whether or not the pulse
Interval difference dT is large enough for accurate cal-
culation of wheel acceleration or deceleration ay. If so,
process goes to the block 2040 to calculate the wheel
acceleration or deceleration according to the equation
(1). The register value N is then set to 1 at the block
2044 and thus MODE 1 1s selected. In addition sample
period number M is reset to — 1, and the a,, derivation
cycle starts again. On the other hand, if at the block
2032 the pulse interval difference dT is too small to
calculate the wheel acceleration or deceleration a,,
then the value N is multiplied by 2 at a block 2034. Due
the updating of the value N, the sample mode of the
sensor pulses is shifted to the next mode.

When the block 2034 is performed and thus the sam-
ple mode is shifted to MODE 2 with respect to the
sensor pulse of M =4’ the sensor pulse c; input follow-
ing to the sensor pulse of M=4' is ignored. The sensor
pulse c3 following to the ignored sensor pulse c¢; is then
taken as the sensor pulse to be sampled as M=3". At
this time, the sensor pulse of M=4' is treated as the
sensor pulse of M=2" and the sensor pulse of M=2 is
treated as the sensor pulse of M=1", Therefore, calcu-
lation of the interval difference dT and discrimination if
the derived interval difference dT is greater than the
pulse interval threshold S in the block 2032 will be
carried out with respect to the sensor pulse c3 which
will be treated as the sensor pulse of M=4". The blocks
2032 and 2034 are repeated until the interval difference
greater than the pulse interval threshold S is obtained.
The procedure taken in each cycle of repetition of the
blocks 2032 and 2034 is substantially same as that set
forth above.

As set forth above, by setting the counter value NC
of the auxiliary counter 233 to 1 at the block 2016, the
input timing of the sensor pulse received immediately
after initially deriving the sample mode at the blocks
2010 and 2012 will be sampled as the first input timing
to be used for calculation of the wheel acceleration and
deceleration. This may be contrasted with the proce-
dure taken in the known art.

FIG. 18 shows timing of calculation of the wheel
acceleration and deceleration in comparison with the
calculation timing of the wheel acceleration and decel-
eration in the prior art. As will be appreciated from
F1G. 18, 1n the prior art, after deriving the sample mode
so that the pulse interval T;is longer than the reference
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value, e.g. 4 ms, the first sensor pulse A’ is sampled after
thinning the corresponding number of sensor pulses e.g.
3 sensor pulses in the shown case. On the other hand,
the first sensor pulse A, according to the present inven-
tion, can be sampled with respect to the sensor pulse
input immediately after deriving the sample mode. As
will be appreciated here from, sample timing according
to the present invention 1s faster than that in the prior

art so that calculation of the wheel acceleration and
deceleration can be performed at an earlier timing than

that in the conventional art. In other words, the time lag
of wheel acceleration/deceleration calculation due to
sensor pulse grouping can be shortened.

FIG. 17 shows a modified procedure can be taken for
obtaining the interval difference dT larger than the
pulse interval threshold S. In this modification, SUB-

MODE as illustrated is used instead of performing the
block 2034 to shift the sample mode of FIG. 16.

In this modification, when MODE 3 1s selected dur-
ing execution of the main routine of FIG. 15, at the
blocks 2010, 2012 and 2016, the controller unit 202 is
operating under MODE 3, first the sensor pulses A1, By
and Cj are sampled as shown in FIG. 17. The pulse
interval difference between (C1—Bj) and (B1—Aj1) i1s
calculated in response to the sensor pulse C; (M=4).
‘This operation for detecting the interval difference dT
larger than the pulse interval threshold S is substantially
corresponding to the operation at the blocks 2032, in the
main routine of FIG. 15. If the determined pulse inter-
val difference dT is equal to or greater than the pulse
interval threshold S, the wheel acceleration or decelera-
tion will be calculated using the derived pulse interval
difference dT (SUB-MODE 1) at the block 2040 of the
main routine of FI1G. 15. On the other hand, if the de-
rived pulse interval difference dT is less than the pulse
interval threshold S, the sensor pulses A) (=A1: M=2),
B (=Ci1: M=4) and C; (M =6) are sampled in SUB-
MODE 2. If the puise interval difference derived from
the input timing of Ay, B2 and C; is less than the pulse
interval threshold S, then the controller unit 202 shifts
the operation mode into SUB-MODE 3 in which the
sensor pulses A3z (=A1=A3 M=2), B3 (=Cy: M=6)
and C3 (M =10) are sampled.

In both of SUB-MODEs 2 and 3, calculation for
deriving the wheel acceleration or deceleration a, rela-
tive to the sensor pulses M5, M6, M7, M8 and M9 are
performed with taking the input timing of two proceed-
ing sensor pulses similarly to the procedure performed
~at SUB-MODE 1 when the interval difference dT
larger than the pulse interval threshold S can be de-
tected with respect to M7, M8 or M9, for example.

As will be appreciated here from, SUB-MODE re-
ferred to hereabove mean further variations of the sen-
sor pulse sample mode in order to obtain the interval
difference dT greater than the pulse interval threshold S
for enabling calculation of the wheel acceleration and
deceleration at the block 2040 of the main routine of
FIG. 15. With the foregoing modification of FIG. 17,
even when the interval difference dT greater than the
pulse interval threshold S is obtained with respect to the
sensor pulse which has to be thinned under the proce-
dure of FIG. 16, the wheel acceleration and decelera-
tion can be denived for reducing loss time. Further,
according to this modified procedure, the calculation
timing of the wheel acceleration and deceleration can
follow relatively abrupt change of the wheel speed.

FIG. 19 shows the sample control program stored in
the memory block 250 of ROM 238. This sample con-
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trol program is executed when the sample flag FL
reaches a predetermined value. In the shown embodi-
ment, the sample control program is executed when the
sample flag value FL equals 2. When the sample flag
value FL =2 at the block 1004 in FIG. 13, then the
sample control program is executed to multiply the
auxiliary counter value N by 2, at a block 4002 of FIG.
19. At the same time, the auxiliary counter value NC is

set to 1. Thereafter, the sample flag is reset to zero at a
block 4004.

The sample control program of FIG. 19 provides a

quick and simple adjustment of the sampling mode for
both initial start-up and cases where the wheel acceler-
ates so quickly that two sampling periods are completed
within a single acceleration rate a, derivation cycle.
Setting N equal to 2N in block 4002 doubles the sample
size and so effectively doubles the sample period and
setting NC to 1 ensures that the sampling will restart
immediately with the next sensor pulse.
- FIG. 20 shows the timer overflow program stored in
the memory block 252 of ROM. As set forth above, the
clock counter 259 used in the shown embodiment has
the capacity to count the clock pulses from the clock
generator 11 for 64 ms. Therefore, the timer overflow
program is executed as an interrupt program whenever
the counter value of the clock counter 259 reaches its
maximum value (counter is full counted), i.e. every 64
ms. Upon starting execution of the timer overflow pro-
gram, the timer overflow value OFL is incremented by
1, at a block 4010. The overflow value OFL is then
checked at a block 4012. If the overflow value OFL is
less than a given value, e.g. 2, then control returns to the
main routine of the main program. Since the timer over-
flow value OFL is cleared at the end of the main pro-
gram at the block 1008, if the timer overflow program is
executed twice during one cycle of execution of main
program, the overflow value OFL would become 2. In
this case, the answer at the block 4012 would be YES
and the wheel speed value V,, would be set to zero and
the wheel acceleration and deceleration value a,, would
also be set to zero. '

For instance, if three successive sensor pulses are
produced within the period of time for which the clock
counter 259 counts the clock pulses from the clock
signal generator, as shown in FIG. 21, the input timing
of respective sensor pulses may be as shown at A, B and
C, corresponding to the counter values C4, Cpand Cc.
The overflow value OFL remains at zero in response to
each of the sensor pulses A, B and C, since the sensor
pulses are recetved before the counter time elapses.
Therefore, the first time the timer overflow program 1s
executed after receiving the sensor pulse C, the timer
overflow value 1s incremented by 1 during execution of
the timer overflow program at the biock 4010. In this
case, the timer overflow value OFL is still only 1 which
1s smaller than the lilmit checked for at the block 4012.
On the other hand, if the sensor pulses are produced at
intervals relatively long so that the timer overflow pro-
gram can be executed twice before three successive
sensor pulses are sampled, as shown in FIG. 23, then the
wheel 1s movely so slowly that wheel acceleration ay,
can not be reliably calculated. shown in FIG. 20, the
wheel speed V,, and the wheel acceleration or decelera-
tion a, are set to zero at the block 4014. By setting both
the wheel speed V,, and the wheel acceleration and
deceleration a,, to zero, serious errors will be avoided.

FI1G. 23 shows the output program for deriving the
wheel speed Vy, wheel acceleration and deceleration
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ay and slip rate R, selecting the operational mode, i.e.
application mode, hold mode and release mode and
outputting an inlet signal EV and/or an outlet signal
AY depending upon the selected operation mode of the

actuator 16.
When the application mode is selected the inlet signal
EV goes HIGH and the outlet signal EV goes HIGH.

When the release mode is selected, the inlet signal EV
goes LOW and the outlet signal AV also goes LOW.
When the selected mode is hold mode, the inlet signal
EV remains HIGH while the outlet signal AV goes
LOW. These combinations of the inlet signal EV and
the outlet signal AV correspond to the actuator supply
current levels shown in FIG. 11 and thus actuate the
electromagnetic valve to the corresponding positions
illustrated in FIGS. 4, § and 6.

The output program is stored in the memory block
254 and adapted to be read out periodically, e.g. every
10 ms, to be executed as an interrupt program. The
output calculation program is executed in the time re-
gions shown in hatching in FIGS. 24 and 25.

During execution of the output calculation program,
the pulse interval T is read out from a memory block
241 of RAM which stores the pulse interval, at a block
5002. As set forth above, since the pulse interval T is
inversely proportional to the wheel rotation speed V,,
the wheel speed can be derived by calculating the recip-

rocal (1/T) of the pulse interval T. This calculation of

the wheel speed V, is performed at a block 5004 in the
output program. After the block 5004, the target wheel
speed V;is calculated at a block 5006. The manner of
deriving the target wheel speed V;has been illustrated
in the U.S. Pat. Nos. 4,384,330 also Toshiro MAT-
SUDA, 1ssued on July 3, 1983, 4,384,330 also to Toshiro
MATSUDA, issued May 17, 1983 and 4,430,714 also to
Toshiro MATSUDA, issued on Feb. 7, 1984, which are
all assigned to the assignee of the present invention. The
disclosure of the above-identified three United States
Patents are hereby incorporated by reference for the
sake of disclosure. In addition, the method of deriving
the wheel speed V,, may be appreciated from FIG. 30.
As 1s obvious here from, the target wheel speed V; is
derived as a function of wheel speed deceleration as
actually detected. For instance, the wheel speed V, at
(a) of FIG. 30 at which the wheel deceleration a,, ex-
ceeds the deceleration threshold a,.p; e.g. —1.2G is
taken as one reference point for deriving the target
wheel speed V. The wheel speed at (b) of the current
skid cycle, at which the wheel deceleration a,, also
exceeds the deceleration threshold a,.r is taken as the
other reference point. In addition, the period of time
between the points a and b is measured. Based on the
wheel speed V) and V,; and the measured period P,
the deceleration rate dV;is derived from:

dVi=(Viy1 —Vu2)/P (4)
This target wheel speed V;is used for skid control in the
next skid cycle.

It should be appreciated that in the first skid cycle,
the target wheel speed V; cannot be obtained. There-
fore, for the first skid cycle, a predetermined fixed value
will be used as the target wheel speed V..

At a block 5008 (F1G. 23), the slip rate R is calculated
according to the foregoing formula (2). Subsequently,
the operational mode is determined on the basis of the
wheel acceleration and deceleration a, and the slip rate
R, at a block 5010. FIG. 26 shows a table used in deter-
mining or selecting the operational mode of the actuator
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16 and which 1s accessed according to the wheel accel-
eration and deceleration a, and the slip rate R. As can
be seen, when the wheel slip rate R is in the range of O
to 15%, the hold mode is selected when the wheel ac-

celeration and deceleration a, is lower than — 1.0G and
the application mode 1s selected when the wheel accel-

eration and deceleration ay 1s in the range of —1.0G to
0.6G. On the other hand, when the slip rate R remains
above 15%, the release mode is selected when the
wheel acceleration and deceleration a, is equal to or less
than 0.6, and the hold mode is selected when the
wheel acceleration and deceleration is in a range of
0.6G to 1.5G. When the wheel acceleration and deceler-
ation ay is equal to or greater than 1.5G, the application
mode 1s selected regardless of the slip rate.

According to the operational mode selected at the
block 5010, the signal levels of the inlet signal EV and
the outlet signal AV are determined so that the combi-
nation of the signal levels corresponds to the selected
operation mode of the actuator 16. The determined
combination of the inlet signal EV and the outlet signal
AYV are output to the actuator 16 to control the electro-
magnetic valve.

It should be appreciated that, although the execution
timing of the output calculation program has been spec-
ified to be about 10 ms in the foregoing disclosure, the
timing is not necessarily fixed to the mentioned timing
and may be selectable from the approximate range of 1
ms to 20 ms. The execution timing of the output pro-
gram 1s fundamentally to be determined in accordance
with the response characteristics of the actuator.

Although the pulse intervals have been described as
being the values calculated at the blocks 2026, 2030 . . .
of the main routine of FIG. 15 in the foregoing embodi-
ment, it would be possible to perform calculations for
deriving the wheel speed V, at the corresponding
blocks as shown by the blocks 2026’ and 2030’ of FIG.
27. In this case, the derived wheel speed V,, may be
stored in an appropriate address of RAM. According to
flowchart of FIG. 27, the wheel speed V1 is calculated
with respect to the sensor pulse M =2 and wheel speed
V2 1s calculated with respect to the sensor pulse M =3.
Specifically, the wheel speed is calculated whenever
the sensor pulse to be sampled is received, as shown in
FI1G. 28. In this modification, even if the pulse interval
difference 1s not large enough to allow calculation of
the wheel acceleration and deceleration at the sensor
pulse M =10, the delay in deriving the control output,
1.€. the combination of the inlet signal EV and the outlet
signal AV will be minimized by calculating the wheel
speed during execution of the main routine.

A modification is provided to the foregoing modifica-
tion of FIG. 27 by neglecting the block 2034. In this
case, sampling mode for sampling the sensor pulse input
timing is not changed after it is once decided at the
block 2010 unless adjusted upon occasion at block 4002.
Therefore, calculation of the wheel speed will be per-
formed at the timing illustrated in FIG. 29.

FIG. 31 shows another embodiment of the controller
unit 202 in the preferred embodiment of the anti-skid
control system according to the present invention. In
practice, the circuit shown in FIG. 31 performs the
same procedure 1n conirolling the actuator 16 and each
block of the circuit performs operation substantially
corresponding to that performed by the foregoing com-
puter flowchart.
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In FIG. 31, the wheel speed sensor 10 is connected to
a shaping circuit 260 provided in the controller unit 202.
The shaping circuit 260 produces the rectangular sensor
pulses having a pulse interval inversely proportional to
the wheel speed V. The sensor pulse output from the
shaping circuit 260 is fed to a pulse pre-scaler 262 which
‘counts the sensor pulses to produce a sample command
for sampling input timing when the counter value
reaches a predetermined value. The predetermined
value to be compared with the counter value in the
pulse pre-scaler 262 is determined such that the inter-
vals between the pairs of three successive sample com-
mands will be sufficiently different to allow calculation
of the wheel acceleration and deceleration rate.

The sample command is fed to a flag generator 264.
The flag generator 264 is responsive to the sample com-
mand to produce a flag signal. The flag signal of the flag
generator 264 is fed to a flag counter 266 which is
adapted to count the flag signals and output a counter
signal having a value representative of its counter value.

At the same time, the sample command of the pulse
pre-scaler 262 is fed to a latching circuit 268 which is
adapted to latch the signal value of a clock counter
signal from a clock counter 267 counting the clock
pulse output by a clock generator 11. The latched value

of the clock counter signal is representative of the input
timing of the sensor pulse which activates the pulse
pre-scaler 262 to produce the sample command. The
latching circuit 268 sends the input timing indicative
signal having a value corresponding to the latched
clock counter signal value, to a memory controller 274.
‘The memory controller 274 is responsive to a memory
command input from an interrupt processing circuit 272
which in turn is responsive to the flag counter signal to

issue a memory command which activates the memory

controller 274 to transfer the input timing indicative
signal from the latching circuit 268 to a memory area
276. The memory 276 sends the stored input timing
indicative signal to a sample controller 270 whenever
the input timing signal value corresponding to the
latched value of the latching circuit 268 is written
therein. The sample controller 270 performs operations
substantially corresponding to that performed in the
blocks 2008, 2010, 2012, 2032 and 2034 in FIG. 15, i.e. it
determines the number of sensor pulses in each group to
be 1gnored. The sample controller 270 outputs a pulse
number indicative signal to the pulse pre-scaler 262,
which pulse number indicative signal has a value ap-
proximating the predetermined value to be compared
with the counter value in the pulse pre-scaler 262.
The memory 276 also feeds the stored input timing
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thereof in a manner substantially corresponding to the

- procedure disclosed with reference to FIG. 16, so as to
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achieve a pulse interval difference large enough to per-
mit the wheel acceleration and deceleration calculation.
On the other hand, the pulse interval calculation circuit
280 performs calculations to obtain the pulse interval
between the current pulse and the immediate preceding
pulse and sends a pulse interval indicative signal to a
memory 282. The memory 282 sends a stored pulse
interval indicative signal to a wheel speed calculation
circuit 284 which is associated with a 10 ms timer 292.
The 10 ms timer 292 produces a timer signal every 10
ms to activate the wheel speed caiculation circuit 284.
The wheel speed calculation circuit 284 is responsive to
the timer signal to perform calculation of the wheel
speed Vy by calculating the reciprocal value of the
pulse interval indicative signal from the memory 282.

- The wheel speed calculation circuit 284 thus produces a
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indicative signal to a wheel acceleration and decelera-

tton calculation circuit 278 and a pulse interval calcula-

tion circuit 280. The wheel acceleration and decelera-
tion calculation circuit 278 first calculates a pulse inter-
val difference between pairs of three successively sam-
pled sensor pulses. The obtained pulse interval differ-
ence is compared with a reference value so as to distin-
guish if the pulse interval difference is great enough to
allow calculation of the wheel acceleration and deceler-
‘ation ay. If the obtained pulse interval difference is
greater than the reference value, then the wheel accel-
eration and deceleration calculation circuit 278 per-
forms calculation of the wheel acceleration and deceler-
ation according to the foregoing formula (1). If the
obtained pulse interval difference is smaller than the
reference value, the wheel acceleration and decelera-
tion calculation circuit 278 shifts the operational mode
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wheel speed indicative signal to be fed to a target wheel
speed calculation circuit 288 and to a slip rate calcula-
tion circuit 290 which is also associated with the 10 ms

timer fo be activated by the timer signal every 10 ms.

The target wheel speed calculation circuit 288 is
adapted to detect the wheel speed V,, at which the
wheel acceleration and deceleration a, calculated by
the wheel acceleration and deceleration calculating
circuit 278 exceeds than a predetermined deceleration
rate —b. The target wheel speed calculation circuit 288
measures the interval between times at which the wheel
deceleration exceeds the predetermined deceleration
value. Based on the heel speed at the foregoing times
and the measured period of time, the target wheel speed
calculation circuit 288 derives a decelerating ratio of the
wheel speed to produce a target wheel speed indicative
signal. The target wheel indicative signal of the target
wheel speed calculation circuit 288 and the wheel speed
indicative signal from the wheel speed calculation cir-
cuit 284 are fed to a slip rate calculation circuit 290.

The slip rate calculation circuit 290 is also responsive
to the timer signal from the 10 ms timer 292 to perform
calculation of the slip rate R based on the wheel speed
indicative signal from the wheel speed calculation cir-
cuit 284 and the target wheel speed calculation circuit
288, in accordance with the formula (2).

The slip rate calculation circuit 290 and the wheel
acceleration and deceleration caiculation circuit 278 are
connected to an output unit 294 to feed the acceleration
and deceleration indicative signal and the slip rate con-
trol signal thereto. The output unit 294 determines the
operation mode of the actuator 16 based on the wheel
acceleration and deceleration indicative signal value
and the slip rate indicative signal value according to the
table of FIG. 26. The output unit 294 thus produces the
inlet and outlet signals EV and AV with a combination
of signal levels corresponding to the selected operation
mode of the actuator.

On the other hand, the wheel speed calculation cir-
cuit 284 is also connected to the flag counter 266 to feed
a decrementing signal whenever the calculation of the
wheel speed is completed and so decrement the counter
value of the flag counter by 1. The flag counter 266 is
also connected to a comparator 295 which is adapted to
compare the counter value of the flag counter with a
reference value, e.g.-2. When the counter value of the
flag counter 266 is greater than or equal to the reference
value, the comparator 295 outputs a comparator signal
to an overflow detector 296. The overflow detector 296
1s responsive to the comparator signal to feed a sample
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mode shifting command to be fed to the pulse pre-scaler
262 to shift the sample mode to increase the number of
the sensor pulses in each sample group.

On the other hand, the clock counter 267 is con-
nected to an overflow flag generator 297 which detects
when the counter value reaches the full count of the
clock counter to produce an overflow flag signal. The
overflow flag signal of the overflow flag generator 297
is fed to an overflow flag counter 298 which 1s adapted
to count the overflow flag signals and send an overflow
counter value indicative signal to a judgment circuit
299. The judgment circuit 299 compares the overflow
counter indicative signal value with a reference value
e.g. 2. The judgment circuit 299 produces a reset signal
when the overflow counter indicative signal value is
equal to or greater than the reference value. The reset
signal resets the wheel acceleration and deceleration
calculation circuit 278 and the wheel speed calculation
circuit 284 to zero. On the other hand, the overflow flag
counter is connected to the wheel speed calculation
circuit 284 and is responsive to the decrementing signal
output from the wheel speed calculation circuit as set
forth above to be reset in response to the decrementing
signal.

As set forth above, according to the present inven-
tion, an anti-skid brake control system can sample the
input timing of sensor pulses without error. In addition,
as will be appreciated, the invention constructed as
hereabove, fulfills all of the objects and advantages
sought therefor.

What is claimed is:

1. An anti-skid brake control system for an automo-
tive brake system comprising;:

a hydraulic brake circuit including a wheel cylinder

for applying braking force to a vehicle wheel;

a pressure control valve disposed within said hydrau-
lic brake circuit and operative for increasing fluid
pressure in said wheel cylinder in a first position
thereof and for decreasing the fluid pressure in the
wheel cylinder in a second position thereof;

a wheel speed sensor means for detecting rotational
speed of said vehicle wheel and producing sensor
signal pulses separated by intervals, said intervals
representative of the detected wheel rotation
speed;

a timer means for producing a timer signal;

a first means for sampling a value of said timer signal
In response to a given number of said sensor signal
pulses, and storing the sampled time signal value as
input timing data, said input timing data including
successively sampled first, second and third timer
signal values;

a second means for determining said given number of
sensor signal pulses based on an interval between
occurrence of one sensor signal pulse at which said
first timer signal value is sampled and an immedi-
ately preceding sensor signal pulse occurring im-
mediately before the occurrence of said one sensor
signal pulse in such a manner that the intervals over
sald given number of sensor signal pulses becomes
greater than a predetermined value, said second
means triggering said first means for sampling said
second timer signal value after given number of
said sensor signal pulses as counted from said one
sensor signal pulse, and sampling said third timer
signal value after the given number of said sensor
signal pulses as counter from the sensor signal pulse
at which said second timer value is sampled;
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a third means for processing the stored timer signal
values to produce a control signal to operate said
pressure control valve at one of said first and sec-
ond positions so as to maintain a slip rate at approx-
imately optimum value, said third means being
operative for deriving a wheel acceleration based
on said first, second and third timer values; and

a fourth means, associated with said first and third
means, for interrupting operation of said third
means hen said first means is active for sampling
sald first, second and third timer signal values.

2. The anti-skid brake control system as set forth in
claim 1, which further comprises a fifth means, includ-
ing a counter, associated with said third means for
counting occurrences of interruption of operation of
sald third means and decrementing the counter value
thereof by 1 whenever said third means completes one
cycle of operation, and for triggering operation of said
third means until said count equals zero.

3. The ant-skid control system as set forth in claim 1,
wherein said second means varies said given number in
a stepwise manner until said time interval is greater than
sald predetermined value.

4. The anti-skid brake control system as set forth in
claim 3, wherein said first means samples and stores said
first input timing data corresponding to a first sensor
signal pulse and said second input timing data corre-
sponding to a second sensor signal pulse at which said
time interval exceeds said predetermined value.

5. The anti-skid brake control system as set forth in
claim 4, wherein said second means cyclically operates
detect the time intervals of said first, second, and third
sampled timer signals to determined said given number.

6. The anti-skid brake control system as set forth in
claim 5, wherein said second means cyclically increases
said given number at a given value at each cycle of its
operation when said time interval is smaller than said
predetermined value.

7. The anti-skid brake control system as set forth in
claim 6, wherein said third means further processes said
mmput timing data to derive a wheel speed based on
successively sampled pairs of tnput timing data.

8. An anti-skid brake control system for an automo-
tive brake system comprising:

a hydraulic brake circuit including a wheel cylinder

for applying braking force to a vehicle wheel;

a pressure control valve disposed within said hydrau-
lic brake circuit and operative for increasing fluid
pressure In said wheel cylinder at a first position
thereof, for decreasing the fluid pressure in the
wheel cylinder at a second position and for main-
taining fluid pressure at constant value at a third
position thereof;

a wheel speed sensor means for detecting rotational
speed of said vehicle wheel to produce sensor sig-
nal pulses having intervals between mutually adja-
cent sensor signal pulses representative of the de-
tected wheel rotation speed;

a timer means for producing a timer signal value:

a first means for sampling said timer signal value upon
a given number of sensor signal pulses and storing
the sampled timer signal values as first, second and
third sequentially sampled input timing data;

a second means for determining said given number of
sensor signal pulses based on initially sampled first
and second input timing data such that a time inter-
val of successively sampled first and second input
timing data 1s greater than a predetermined value,
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sald second means activating said first means in
response to said given number of sensor signal
pulses;

a third means for processing said input timing data to
produce a control signal to operate said pressure
control valve at one of said first, second and third
positions so as t0 maintain a slip rate at approxi-
mately optimum value, said second means perform-
ing arithmetic operations for deriving a wheel
speed and a wheel acceleration or deceleration
based on said first, second and third sequentially
sampled input timing data; and

a fourth means, associated with said first and third
means, for interrupting operation of said third
means when said first means is active for sampling
said timer signal values.

9. The anti-skid brake control system as set forth in
claim 8, wherein said first means samples and stores
input timing data including said first and second input
timing data successively sampled and stored while said
second means determines said given number.

10. The anti-skid brake control system as set forth 1n
claim 9, wherein said third means takes the timing data
sampled subsequently to said second input timing data
as said third input timing data.

11. The anti-skid brake control system as set forth in
claim 10, which further comprises a fifth means, includ-
ing a counter, associated with said fourth means, for
counting occurrences of interruption of said third
means each time the interruption occurs, counting
down the counter value thereof by 1 whenever said
third means completes one cycle of operation.

12. The anti-skid brake control system as set forth in
claim 11, wherein said second means varies said given
number in step-by-step fashion until said time interval
becomes greater than said predetermined value.

13. The anti-skid brake control system as set forth in
- claim 12, wherein said second means cyclically operates
to detect the time interval to determine said given num-
ber.

14. The anti-skid brake control system as set forth in
claim 13, wherein said second means cyclically increase
sald given number at a given value at each cycle of its
operation when satd detected time interval is smaller
than said predetermined value.

15. The anii-skid brake contro! system as set forth in
claim 14, wherein said first means samples and stores
said first input timing data corresponding to a first sen-
sor signal pulse and said second input timing data corre-
sponding to a second sensor signal pulse at which said
time interval exceeds said predetermined value.

16. An anti-skid brake control system for an automo-
tive vehicle comprising:

a hydraulic brake circuit including wheel cylinders
respectively corresponding to respective vehicle
wheel for applying braking force to the corre-
sponding wheel cylinder;

a pressure control valve associated with each of said
wheel cylinder for controlling fluid pressure to be
applied to the corresponding wheel cylinder, said
pressure control valve being operative to increase
the fluid pressure in said wheel cylinder at a first
position thereof, to decrease the fluid pressure in
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cylinder at a constant value at a third position
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a wheel speed sensor means for detecting rotational
speed of vehicle wheel to sequentially output sen-
sor signal pulses having intervals corresponding to
instantaneous wheel rotation speed;

a time means for outputting a timer signal;

a controller operative in a first sampling operation for
recelving said sensor signal pulses and timer signal

for sampling input timing data at a given number of
sensor signal pulses and in a second control opera-
tion for performing arithmetic operations for de-
tecting instantaneous slip rate at the corresponding
wheel, and acceleration or deceleration of said
corresponding wheel based on sequentially sam-
pled first, second and third input timing data for
controliing the valve position of said pressure con-
trol valve at a predetermined pattern for optimiz-
ing braking characteristics, said controller deriving
said given number such that a time interval of said
sampled input timing data between said sequen-
tially sampled first an second input timing data is
greater than a predetermined value, said controller
taking an input timing data sampled subsequent to
said first and second input timing data as said third
input timing data for deriving wheel acceleration
and deceleration based thereon when said control-
ler derives and given number to be 1, and said
controller interrupting said second operation in
response to said sensor signal pulses to perform said
first operation for sampling the input timing data of
the corresponding sensor signal pulse when said
timer interval exceeds said predetermined value.

17. The anti-skid brake control system as set forth in
claim 16, wherein said controller includes a counter and
counts the occurrence of interruption of said second
operation and decreasing the counter value each time
sald second operation 1s completed.

18. The anti-skid brake control system as set forth in
claim 17, wherein said controller carries out first opera-
tion to omit one or more sensor signal pulses without
sampling the corresponding input timing data so that
the time interval becomes greater than said predeter-
mined value. |

19. The anti-skid brake control system as set forth in
claim 18, wherein said controller cyclically repeats
determining said given number until the time interval
becomes greater than said predetermined value.

20. The anti-skid brake control system as set forth in
claim 19, wherein said controlled sets an interruption
indicative flag at each occurrence of interruption of said
second operation and counts up the number of flags
whenever the flag is established, and counts down the
counter value by 1 whenever said second operation is
completed.

21. The anti-skid brake control system as set forth in
claim 20, wherein said controller repeats said second
operation until said counter value becomes zero.

22. The anti-skid brake conirol system as set forth in
claim 21, wherein said controller operates in said sec-
ond operation to place said pressure control valve at
sald first position whenever detected slip rate and wheel
acceleration satisfy a predetermined first condition for
applying a brake, at said second position whenever
detected slip rate and wheel deceleration satisfies a
predetermined second condition for releasing a brake,
and at said third position whenever detected slip rate
and wheel acceleration or deceleration satisfies a prede-
termined third condition for holding the braking pres-
sure at the constant value.



4,876,650

35

23. A method for anti-skid controlling an automotive
hydraulic brake system including a wheel cylinder and
a pressure control valve, fluid pressure in said wheel
cylinder being increased as said pressure control valve
1s placed at a first position thereof, decreases as said
pressure control valve is placed at a second position
thereof and maintained at a substantially constant value
at a third position of said pressure control valve, said
method comprising the steps of:

producing sensor signal pulses having intervals be-

tween mutually adjacent sensor signal pulses repre-
sentative of the wheel speed;

producing a timer signal;

sampling a value of said timer signal in response to a

given number of said sensor signal pulses to store
sald timer signal value as input timing data of the
corresponding sensor signal pulse, which input
timing data sampled includes a first input timing
data sampled relative to a first sensor signal pulse
and a second input timing data sampled relative to
a second sensor signal pulse and a third input tim-
ing data sampled subsequently to said second input
timing data;

adjusting said given number such that a time interval

of said sampled timer signal 1s greater than prede-
termined value;
performing an arithmetic operation for processing
said input timing data for detecting slip data and
wheel acceleration or deceleration for controlling
said pressure control valve positions according to a
predetermined pattern for optimizing braking char-
acteristics at the vehicle wheel, in which a wheel
acceleration or deceleration is calculated based on
sald first, second and third input timing data when
said given number is determined to 1; and

interrupting said arithmetic operation in response to
said given number of sensor signal pulses for sam-
pling the timer signal value and storing the sampled
timer signal value as said input timing data.

24. The method as set forth in claim 23, wherein said
adjusting of said given number is repeated to increase
the number of sensor signals to be omitted without
sampling the corresponding input timing data a given
rate until the said time interval becomes greater than
said predetermined value.

25. The method as set forth in claim 24, wherein, in
said step of performing arithmetic operation, wheel
speed 1s derived based on an interval of the mutually
adjacent sensor signal pulses, and wheel acceleration or
deceleration 1s derived based on input timing data of
three sequentially sampled sensor signal pulses.
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26. An anti-skid brake control system for an automo-

tive brake system comprising:

a hydraulic brake circuit including a wheel cylinder
for applying brake force to a vehicle wheel;

a pressure control valve disposed within said hydrau-
lic brake circuit and operative for increasing fluid
pressure in said wheel cylinder in a first position
thereof and for decreasing the fluid pressure in the
wheel cylinder in a second position thereof:

a wheel speed sensor means for detecting rotational
speed of said vehicle wheel and producing a se-
quence of sensor signal pulses separated by inter-
vals, said intervals representative of the detected
wheel rotation speed;

a timer means for producing a timer signal value;

a first means for sampling said timer signal value in
accordance with a predetermined number of sensor
signal pulses, and storing the sampled timer signal
values as input timing data;

a second means for determining a pulse interval cor-
responding to the difference between the succes-
sive sampled first and second timer signal values,
sald pulse interval then being compared with a
predetermined reference value such that when the
pulse interval is greater than said predetermined
reference value said second means activating said
first means at said predetermined number of sensor
signal pulses, said second means subsequently sam-
pling a third timer signal value following the oc-
currence of the predetermined number of sensor
signal pulses;

a third means for processing the stored timer signal
values mvolving the determination of whether a
pulse interval corresponding to the difference be-
tween subsequent successively occurring timer
signal values 1s greater than a pulse interval thresh-
old, and upon such a determination producing a
control signal to operate said pressure control
valve at one of said first and second positions so as
to maintain a slip rate at approximately optimum
value, said third means being operative for deriving
a wheel acceleration based on three successively
sampled input timing data, said third means utiliz-
ing said successively sampled first and second input
timing data with a successively sampled third input
timing data for performing an arithmetic operation
for deriving the wheel acceleration; and

a fourth means, associated with said first and third
means, for interrupting operation of said third
means when said first means is active for sampling

said timer signal value.
*  J S E *x
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